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atomically  clean  single  crystal  Ni-15*Cr!llO)  a 
23%cr  alloy  have  been  studied  using  Auger  Elect 
(AES) . X-ray  Photoelectron  Spectroscopy  (XPS) . 

Spectroscopy  (ISS)  and  Electron  Stimulated  I< 
w as  found  that  Ni  segregated  preferentially  t< 

15Wr(110l  in  vacuum  at  temperatures  between  500  to  650°C,  and  the 
heat  of  segragation  was  2550  cal/mole.  The  subsurface  region  of  the 

temperatures  above  200°C,  which  is  in  agreement  with  the  model  of 
preferential  sputtering  of  Ni  caused  by  radiation-enhanced  surface 
segregation  of  Ni.  But  the  subsurface  region  of  room  temperature 


sputtered  Ni-Cr  alloy  was  depleted  in  Cr.  Possible  causes  for  this 
observation  were  discussed. 

During  oxidation  of  NiCr  alloys,  the  Cr  was  quickly  converted  to 
oxide  after  1 to  2 L of  oxygen  exposure.  Reaction  of  Ni  with  oxygen 
occurred  sore  slowly  than  the  Cr/<>2  reaction,  but  such  more  rapidly 
than  for  pure  Ni.  The  oxides  coalesced  and  completely  covered  the 
surface  at  30  L of  oxygen  exposure.  Quantitative  angle-resolved  XPS 
data  suggested  that  the  room  temperature  passivating  oxide  on  the 
alloy  had  two  layers.  The  outer  oxide  {one  monolayer  thick)  was  a 
mixture  of  Hi  hydroxide  and  Cr  oxide,  and  the  inner  oxide  (four 


monolayers  thick)  consisted  of  Cr.O,,  small  amounts  of  HiO  and 
possibly  metallic  Ni.  In  addition,  a layer  having  extra  metallic  11: 
existed  in  the  subsurface  region  next  to  the  oxide  layer.  Doth  pur< 


CrjOj.  In  contrast,  the  major  reaction  product  of  nickel  in  alloy  was 
Ni  hydroxide,  while  that  of  pure  Ni  was  NiO.  Apart  from  NiO.  adsorbed 
hydroxyl  species  was  found  on  the  oxidized  Ni  surface.  Formation  of 
hydroxyl  species  under  normal  UHV  oxygen  was  discussed,  with  the 


conclusion  that  impurity  hydrogen  in  UHV  system  was  the  major  cause. 
Formation  of  Ni  hydroxide  was  limited  to  the  first  monolayer,  clearly 
demonstrating  that  alloying  dramatically  modified  the  oxidation 
behavior. 


CHAPTER  1 
INTRODUCTION 

Metals  are  inherently  thermodynamically  unstable  and  will  react 
with  atmospheric  gases,  generally  producing  oxides,  hydrated  oxides 
or  hydroxides.  Normally  these  products  will  degrade  the  mechanical 
and  physical  properties  of  the  metallic  parts.  Fortunately  the  oxides 
produced  by  the  reactions  usually  reduce  the  rate  of  subsequent 
reaction  making  it  feasible  to  build  structures  with  metals. 

two  regimes:  high  temperature  and  low  temperature  ill-  Uhen  the 
product  of  the  oxidation  reaction  is  solid,  it  separates  the  two 


requires  a species  of  metal  and/or  oxygen  to  dissolve  in  and  move 
through  the  growing  oxide.  Barriers  to  ion  (or  atom)  movement  into 

form  the  basis  for  distinguishing  low-  and  high-temperature 
oxidation.  In  high-temperature  oxidation,  thermal  energy  is 
sufficient  to  allow  the  ion  (or  atom)  movement  through  the  oxide.  A 
parabolic  rate  law  is  generally  followed.  In  low-temperature 
oxidation  where  the  thermal  energy  is  insufficient  to  allow  existing 


driving  force  such  as  electrical  fields  or  stress  has  been  postulated 
to  account  for  the  continued  logarithmic  reaction  rate  (2) . 


(usually  s 30  SI.  Despite  their  thinness,  they  are  very  important 
for  many  practical  situations.  Apart  from  protection  of  metals  from 
being  corroded,  the  thin  stable  oxides  formed  by  oxidation  at  room 
temperature  play  important  roles  in  promoting  lubrication  between 
two  metal  surfaces  (3) , in  adhesion  of  nonmetals  to  metals  <4)  and 
in  diffusion  of  gases  out  of  metals  (5) . Oxidation  at  low 
temperatures  is  increasingly  important  in  electronic  components  such 
as  contacts  and  integrated  circuits.  An  increase  in  contact 
resistance  due  to  oxidation  is  a problem  in  integrated  circuits,  but 
thin  oxide  films  also  play  a key  role  in  the  proper  functioning  of 
solid  state  devices  16-81 ■ For  example,  the  thermal  oxidation  of 
silicon  to  passivate  its  surface  is  a crucial  step  in  semiconductor 
device  technology.  Moreover,  thin  oxide  films  are  also  parts  of  both 
passive  and  active  solid  state  devices  (9) . An  example  of  the  former 
is  tantalum  oxide  capacitors.  Examples  of  the  latter  include 
tunneling  junctions  and  MOS  transistors  etc. 

Though  oxidation  of  metal  at  room  temperature  has  both 
fundamental  and  practical  importance,  it  has  received  little 
attention  compared  to  the  high  temperature  oxidation.  This  is 
particularly  true  for  alloys  which  have  more  complicated  oxidation 
mechanisms  than  pure  metals.  Generally,  the  properties  of  binary 
alloys  cannot  be  regarded  as  an  additive  combination  of  the 
corresponding  characteristics  of  the  pure  constituents.  The  surface 
composition  of  an  alloy  nay  differ  markedly  from  the  bulk  due  to 


surface  segregation  of  one  component.  Concerning  the  reaction  “ith 
oxygen,  selective  oxidation  of  one  alloy  component  may  occur,  even  if 
both  pure  metals  may  form  stable  oxides.  Furthermore,  the  reaction 
products  of  an  alloy  can  be  different  from  that  of  pure  metals  as  a 

Alloys  of  NiCr  are  often  used  in  high  temperature  oxidizing 
environments  (10) . In  addition  to  their  high  temperature 
applications,  NiCr  thin  films  are  also  widely  used  as  conductive 
materials  in  small  resistors  and  potentionmeters  because  of  their 
extremely  small  temperature  coefficient  of  resistance  (TCR)  (11-17) . 

It  has  been  found  for  nicbrome  (NiCr)  alloys  that  addition  of 
chromium  (a  10b)  significantly  improves  the  ability  of  the  oxides  to 
passivate  (reduce  the  reaction  rate  of)  the  metallic  surfaces,  yet 
the  mechanism  by  which  this  resistance  is  increased  is  only  poorly 
understood  (101-  Thus,  we  have  studied  the  reaction  of  oxygen  with 
atomically  clean  NiCr  alloys  at  room  temperature  and  compared  them 
with  the  more  thoroughly  studied  oxygen  reactions  with  the  pure 

Spectroscopy  (XPS) , Auger  Electron  Spectroscopy  (AES) . Ion  Scattering 
Spectroscopy  (ISS)  and  Electron  Stimulated  Ion  Desorption  (ESID) 
were  used  in  this  study.  These  techniques  allowed  us  to  determine  the 
chemical  states  of  the  reaction  products  and  the  composition  profile 
of  the  oxide  layer.  In  particular.  ESID  technique  provided  us  the 
ability  for  detecting  hydrogen  and  hydroxyl  species  at  solid 
surfaces.  It  was  interesting  to  find  that  the  formation  of  Ni 


hydroxide  rather  than  Hi  oxide  occurred  on  IliCr  alloy  under  the 
normal  UHV  oxygen  exposure,  so  the  observed  electron  stimulated  OH' 
and  H*  desorption  signals  were  correlated  to  the  XPS  data. 

The  major  purpose  of  this  work  is  to  understand  the  effects  of 
the  addition  of  Cr  on  the  oxidation  of  Ni  at  room  temperature. 
Emphasis  has  been  put  on  (1)  determining  the  surface  compositions  of 
atomically  clean  NiCr  at  thermal  equilibrium  and  during  ion 
bombardment,  (2)  identifying  the  various  reaction  products  formed  on 
surfaces  under  different  oxidising  environments,  (3)  modeling  the 

(4)  studying  the  formation  of  hydroxyl  species  on  the  oxidized  alloy 


CHAPTER  2 

EXPERIMENTAL  PROCEDURE 
Sample  Preparation 

Both  polycrystalline  and  aonocrystalline  Nir  Cr  and  NiCr 

(Hi  with  15%  - 23%  atomic  Cr) , the  Ni-Cr  binary  phase  diagram  (see 
Fig. 2-1)  indicates  that  a single  phase,  face  centered  cubic  structure 
(FCC,  i.e.,  same  as  for  pure  Ni)  is  present  between  650  °C  and  room 
temperature  (18) . In  the  same  temperature  range,  pure  Cr  exhibits 
body  centered  cubic  (BCC)  structure  with  limited  solubility  for  Ni 


Polvcrvstalline  Samples 

Polycrystalline  Ni-23%Cr  alloy  was  prepared  from  99.99%  pure 
and  Cr  obtained  from  AD  Mckay.  The  pure  elements  were  weighed  and 
degreased  ultrasonically  with  acetone  before  melting.  The  basic 
method  of  preparation  involved  co-melting  of  the  pure  elements  on 
cold-hearth  mono-arc  melter  which  had  been  evacuated  to  10  5 Torr 


backfilled  with 
was  premelted  ii 


chamber. 


Fig.  2-1  Phase  diagram  for  NiCr  alloys. 
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Slices  of  the  alloy  boules  ca.  1 cm  in  diameter  and  1 an  in 
thickness  were  cut  and  polished  by  standard  metallographic 
techniques.  The  general  procedure  involved  an  initial  stage  using  220 
grit  silicon  carbide  paper  followed  by  400  grit  and  then  600  grit  and 
for  the  final  stage,  electropolishing  using  dilute  UNO , solution. 

Reactions  of  pure  polycrystalline  Ni  and  Cr  were  also  studied 
using  the  starting  naterials  for  the  arc  aelted  alloys.  It  is  known 
that  the  crystal  orientation  of  the  aetal  has  effects  on  the 
oxidation  rate,  so  the  crystalline  textures  of  these  polycrystalline 
samples  were  exaained  by  using  the  electron  channeling  techniques. 
Though  the  number  of  grains  identified  was  limited,  no  evidence  for 

polycrystalline  samples  was  found. 

After  the  samples  were  introduced  to  the  UEV  chaaber,  the 
polycrystalline  samples  were  sputter  cleaned  by  a differentially 
pumped  ion  gun  using  a rastering  Ar*  beam  with  an  energy  of  4 keV. 
Sputtering  continued  until  no  impurities  except  Ar  were  detected  by 
XPS.  The  sputtered  unannealed  sanples  were  used  for  oxidation 
experiments. 


Single  Crystal  Samples 

The  Ni-15%Cr(1101  and  Ni(llO)  single  crystals  were  obtained  as 
high  purity  samples  from  Argonne  National  Laboratories  and  from 
Monocrystals  Company,  respectively.  The  orientations  of  the  single 
crystals  were  checked  by  the  electron  channeling  technique  and  shown 


to  be  within  ± 1°  of  the  (110) . and  clean  annealed  samples  showed  a 
standard  (110)  LEED  pattern. 

Single  crystal  samples  were  carefully  cleaned  by  a cyclic 
sputter-annealing  procedure  until  no  impurities  could  be  detected  by 
AES  in  the  BUY  chamber.  The  sample  was  spot  welded  to  Pt  wires  and 
heated  by  a tungsten  filament  from  the  rear.  To  monitor  the 
temperatures,  a U-5%Re/Y-26%Re  thermocouple  was  spot  welded  to  the 
bach  of  the  sample.  Prior  to  surface  segregation  and  oxidation 
experiments,  single  crystal  samples  were  first  sputter  cleaned,  then 
annealed  at  650  °C  for  30  minutes  and  cooled  to  the  desired 


Ultra  Hiah  Vacuum  1UHY)  System 


Experimental  Set-Up 

All  the  experiments  (except  ion  scattering  experiment)  were 
performed  in  a standard  bakable  stainless  steel  UHV  system  from 
Perkin  Elmer.  The  system  is  equipped  with  a 220  1/sec  Ultek  ion  pump. 
Titanium  sublimation  pumping  is  provided  with  a Boostivac  four-spiral 
filament  holder,  mounted  horizontally  in  the  pump  module.  All  of 
these  facilities  lie  below  a poppet  valve  that  separates  the  pumping 
chamber  from  the  bell  jar.  Two  Oltek  sorption  pumps  are  used  for 
roughing.  The  system  was  baked  up  to  -200  °C  for  24  hours  prior  to 
the  experiments.  The  residual  base  pressure  of  the  chamber  was  better 


residual 


The  partial  pressures  of  admitted  and  background  gases  were 
measured  with  a Dycor  Model  M100M  quadrupole  residual  gas  analyser 
(RGA)  with  tungsten  filaments.  In  order  to  quantitatively  analyse  the 
partial  pressures  using  the  published  ionisation  cross  sections,  the 
ioniser  of  RGA  was  operated  at  a standard  potential  of  70  volt.  The 
electron  multiplier  was  turned  off  during  analysis  and  the  ion 
currents  of  different  gas  species  were  directly  measured  by  a Faraday 


oxygen  Admission 

The  oxygen  gas  used  in  this  study  was  obtained  from  Matheson  as 
research  grade  and  has  a purity  of  99.99%  minimum.  The  oxygen 
admission  line  was  cleaned  by  repeatedly  pumping  and  flushing  with 
oxygen.  Because  residual  gases  reached  an  intolerable  level  (a  10 
Torr)  when  the  ion  pump  was  completely  isolated  from  the  UHV  chamber 


introduced 

operating. 


getter-pumped  by  Ti,  a steady  flow  of  oxygen  was 
into  the  chamber  through  a leak  valve  with  the  ion 
The  oxygen  partial  pressure  was  maintained  between 
jrr  during  the  oxidation  experiment. 


Purity  of  Admitted  Oxygen  Gas 

Researchers  in  the  field  of  oxidation  generally  use  research 
grade  oxygen  in  systems  whose  base  pressures  are  usually  in  the  10 


Torr  range;  therefore  the  purity  of  gas 
satisfactory.  However.  Maintenance  of  t 
like  hydrogen,  oxygen  or  water  vapor  is 
for  ion-pumped  UHV  systems  (19.20.21) . 


exposure 


auer  and  Poppa  (20)  observed  that 
, residual  gases  were  increased  a; 
on  pump.  Benndorf  and  co-workers  . 
n hydrogen  pressure  when  water  wa; 


is  assumed  to  be 
e purity  of  reactive  gases 
known  to  be  a serious  problem 
or  example,  during  hydrogen 
le  compositions  of  both 


In  this  study,  research  grade  oxygen  gas  of  spectroscopic  pus 
was  also  significantly  degraded  in  purity  when  admitted  to  the  OH' 
system  as  shown  by  the  RGA  spectrum  in  Pig. 2-2.  The  background  ga 
found  in  the  UHV  chamber  at  oxygen  partial  of  10  and  10  Torr  . 
similar,  being  dominated  by  H,,  He,  CH.,  lie,  CO,  Ar  and  C0-,  whil* 
H?0  is  only  a minor  constituent  being  about  two  order  magnitude  1< 
than  0,.  As  shown  in  Fic.2-2(b) . (c)  the  relative  amounts  of  gases 
vary  with  oxygen  partial  pressure  or  the  flow  rate  of  oxygen.  For 


Several  possible  sources  or  processes  may  be  responsible 
degraded  purity  of  oxygen  in  the  UHV  chamber,  such  as 

(a)  contaminants  from  insufficiently  baked  gas  inlet  system; 

(b)  chemical  reactions  in  the  system,  such  as  production  of  wa 
from  reaction  of  hydrogen  and  oxygen  either  on  the  surface  of 


Mass  spectra  obtained  at  (a)  base 


1C) 


filament. 


chamber  wall; 


(c)  replacement  desorption  of  s 
the  chamber  wall,  are  displaced  by  the  oxygei 

(d)  inpurity  gases  produced  in  the  ion  pump 

(e)  the  ion  pump  memory  effects  arising  from 


which  adsorbed  initially  o: 


previously  pumped  gas. 

None  of  the  possibilities  above  can  be  entirely  excluded. 
However,  the  contaminants  from  the  oxygen  admission  line  appear  to  be 
unlikely,  since  water  generally  is  the  major  residual  gas  in  an  air- 
exposed  and  unbaked  vacuum  system,  and  the  water  content  is  quite  low 


in  our  UHV  chamber  during  admission  of  oxygen.  Interactions  between 
admitted  oxygen  gas  and  ion  pump  are  considered  to  be  the  major  cause 
for  the  degradation  in  the  present  case.  It  has  been  reported  that 
background  water  vapor  was  reduced  when  the  admitted  hydrogen 
pressure  was  maintained  at  constant  pressure  by  a turbomolecular  pump 
rather  than  an  ion  pump  (20) . In  addition  to  the  oxygen/ion  pump 
•h  displaced  from  chamber  wall  may  be 


another  major  cause  for  degradation. 

The  approximate  partial  pressures  of  different  gas  species  in 
Fig .2-2  were  calculated  directly  from  ion  current  with  correction  of 
ionization  cross  section.  The  relative  ionisation  cross  sections, 
t (J) , are  either  obtained  from  the  literature  122)  or  estimated 
from  the  following  equation  (23,24) : 


[2-1] 


is  the  total  number  electrons  in  a molecule.  The 


Table  2-1,  Gas  Composition  During  Leaking  in  Oxygen 


Gas  E (J)  Partial  pressure  (Torr) 


S x 10'9 


0.27 


Comparison  of  the  Gas  Compositions  in  Ditterent  OHV  Systems 

In  order  to  learn  the  degree  of  variations  of  oxygen  purity  in 
different  oxidation  experiments,  the  gas  composition  in  our  UHV 
system  is  compared  with  some  reported  results  (19,24)  in  Table  2-2. 


These  published  results  are  generally  obtained  under  well  controlled 
experimental  conditions,  especially  for  (IS) , but  different  gas 
compositions  are  reported.  While  error  in  accuracy  can  be  attributed 
to  the  scatter  in  the  data,  the  variation  of  oxygen  purity  among 
different  systems  is  considered  to  be  real. 

Despite  similar  apparatus  and  starting  base  pressure  for 
different  systems,  the  gas  composition  of  each  system  can  be  changed 
drastically  by  experimental  parameters,  such  as  the  partial  pressure 
and  flow  rate  of  oxygen  gas,  and  the  cleanliness  of  the  gas  inlet 
system.  Other  more  "subtle"  parameters,  such  as  the  cathode  voltage, 
the  contamination  level  of  cathode  surface,  history  of  ion  pump  and 
the  material  of  operating  hot  filament,  can  also  have  profound 
effects  on  the  compositions  of  residual  gases,  As  shown  in  Fig. 2-2, 
when  the  partial  pressure  of  oxygen  increases  from  1.5  x 10  Torr  to 
1 x 10~"  Torr,  noble  gases  (He  + Me  ♦ Ar)  rather  than  hydrogen  are 
the  dominant  residual  gases. 

It  has  been  reported  that  water  content  is  generally  lower  in 
the  ion-pumped  systems  as  compared  to  diffusion-pumped  systems  at  a 
similar  pressure  (S  10-'“  Torr)  (25) ■ Due  to  different  operating 
principles,  interactions  of  admitted  oxygen  gas  with  vacuum  pumps  of 
a different  type  are  expected  to  be  different.  Decause  some  active 
residual  gases,  particularly  hydrogen  and  water,  are  lihely  to 
participate  in  oxidation  reactions,  it  is  important  to  measure  the 
gas  composition  in  order  to  assist  to  the  prediction  of  possible 
reaction  products.  Moreover,  large  variations  in  the  compositions  of 


residual  gases  in  different  systens  strongly  suggest  that  caution 
should  be  taken  when  comparing  oxidation  data  obtained  under 
different  experimental  conditions  and  with  different  systems. 

In  summary,  the  admission  of  oxygen  causes  changes  ia  residual 
gases  in  an  ion-pumped  UHV  chamber.  The  amounts  of  residual  gases 
vary  significantly  with  experimental  parameters  such  as  partial 
pressure  of  oxygen.  For  the  present  case,  hydrogen  is  the  major 
active  residual  gas  at  Poa  = 10  7 to  10  Torr,  while  the  partial 
pressure  of  water  is  lower  than  oxygen  by  two  orders  of  magnitude. 


Table  2-2,  Gas  Composition  of  Different  Systems  {Relative  Amounts,  %) 


ref (19)  ref (24)  present  work 


127.  < 


The  XPS  data  were  obtained  using  a Perkin  Elmer  Model  5100 
spectrometer  with  Mg  K radiation  from  a source  operated  at  15  kV  and 


gave  a constant  energy  resolution,  5E  = 0.5  e 
on  a rotatable  sample  holder  with  a stepping 
automatic  angle-resolved  XPS  data  collection, 
angle-resolved  photoemission  experiment  is  sh 
The  intensity  of  photoelectron  flux  fro 


Samples  were  mounted 
Cor  which  allowed 
le  geometry  for  the 


function  of  the  angle  0:  (28) 


1.(8)  ■ KjIS)  Oj  j Cjfx)  expt-x/lQjSinS)]  dx,  12-21 

where  X;  represents  a combined  response  function  of  analyser  and 
excitation  flux  as  a function  of  e,  o.  is  the  photoionisation  cross 
section.  Q.  is  the  mean  escape  depth  of  the  photoelectron,  and  C^(x) 
is  the  depth  composition  functions.  The  exponential  tern  represents 
the  attenuation  of  flux  originating  at  a depth  of  x.  The  take-off 
angle  8 can  be  varied  from  90°  to  less  than  5°  by  rotating  the  sample 
holder,  which  provides  an  effective  change  in  sampling  depth  (Q^sine) 
of  greater  than  a factor  of  10. 

refraction  of  electron  and  x-ray,  can  affect  the  results  of  Angle 


Resolved  X-ray  Photoelectron  Spectroscopy  (ARXPSI . The  importance  of 
these  effects  tends  to  increase  as  9 approaches  a low  gracing  angle, 
but  reflection  and  refraction  of  electron  are  considered  to  be 
negligible  at  9 i 15°  (29> ■ Forward  scattering  of  photo-electrons 
from  a single  crystal  is  also  known  to  affect  the  measurement  of 
photoelectron  intensities  130) . However  the  effects  are  expected  to 
be  small  for  polycrystalline  samples  since  the  effects  should  be 
cancelled  by  the  large  number  of  grains  of  different  orientations. 

The  ig(3d5/,l  photoelectron  intensity  curve  as  a function  of  take-off 
angle  from  a sputtered  clean  polycrystalline  Ag  sample  is  shown  in 


fic.2-4:  no  forward  scattering  peaks  are  observed. 

The  samples  were  in  situ  Ar1  sputter  cleaned  using  a 
differentially  pumped  ion  gun  with  a rastering  beam  incident  a' 
relative  to  the  sample  surface.  During  the  sputtering,  the  sys 
pressure  was  held  at  10  ® - 10  7 Tort. 


Ion  scattering  experiments  were  carried  cut  using  a double  pass 
CMA  (PHI  model  15-255GAR)  equipped  with  an  angular  resolving 
aperture.  The  ion  gun  (PHI  model  04-161)  was  positioned  at  an  angle 
of  62°  with  respect  to  the  surface  plane,  and  a primary  beam  of  He 
ion  with  an  energy  of  1 keV  was  used.  Because  of  the  geometric 
restrictions  of  the  instrument,  the  smallest  obtainable  scattering 
angle  was  63°.  The  sample  was  positioned  at  an  angle  of  45°  with 


occurred  around  ai 


£ 


SILVER  OD5/2)  INTENSITY  (ARB.  UNIT) 


respect  to  the  CMA  axis,  and  the  angle  resolving  aperture  was  used  to 
select  Me  ion  scattered  at  an  angle  of  13°  with  respect  to  the 


Qualitative  identification  of  eleaents  was  done  by  using 
equation  12-2)  which  is  based  on  the  law  of  energy  and  aoaentUB 


conservation  131.32) 


in  which  Eg  is  the  incident  energy,  E^  is 
ion,  9 is  the  laboratory  scattering  angle 


incident  beam  and 


scattered  bean,  and  M,  and  M.  are  the  masses  of  incident  ion  and 
target  atom,  respectively.  The  positive  sign  in  equation  [2-3]  is 

atoa  is  lighter  than  the  incident  ion.  Under  the  present  experimental 
conditions,  the  oxygen  is  lighter  than  neon,  and  9 a 75°  which  is 
larger  than  the  maximum  critical  scattering  angle  for  observing 
oxygen,  sin"l(16/20)  * 53.13°.  Sigle  scattering  from  oxygen  was  not 


Data  acquisition  time  and  the  primary  ion  current  were  ainimimed 
to  reduce  sputtering  effects  (i.e.  operate  in  the  static  mode). 


Fig.  2-5  Schematic  diagram  of  the  ISS  experiment. 


INCIDENT  IONS 


\ 


SCATTERED  IONS 


Auger  Electron  Spectroscopy 


Electron  Stipulated 


Auger  Electron  Spectroscopy  (AES)  (27) 

The  AES  experiments  were  performed  in  a Perkin  Elmer/Physical 
Electronics  Model  545  Scanning  Auger  Microprobe  (SAM)  with  a base 
pressure  of  "2  X 10  ' ^ Torr.  The  sample  was  positioned  at  an  angle  of 
45°  with  respect  to  the  CMA  axis.  Data  were  recorded  in  the 
derivative  mode  using  a modulation  voltage  of  1 eV  P-P  and  a primary 
beam  energy  and  current  of  3 JceV  and  5 pA.  respectively.  The  spot 
size  of  the  electron  beam  is  approximately  10  pm  in  diameter. 


For  ESD,  a OTI  guadrupole  mass  filter  with  a 3M  Co.  prefilter 
was  mounted  in  the  same  SAM  chamber.  A rectangle  0.3  x 0.5  mm  on  the 
sample  was  irradiated  by  a 130  eV.  500  nA/cm2  electron  beam  from  the 
Auger  electron  gun.  To  improve  ion  collection,  the  distance  between 
sample  and  guadrupole  was  minimized  to  -10  cm,  and  the  sample  normal 
was  only  a few  degrees  off  the  guadrupole  axis.  The  experimental  set- 


varying  the  partial  pressure  of  oxygen  and  hydrogen 
that  both  H+  and  OH*  ion  yields  were  not  affected  by 
gases  like  hydrogen  and  water,  but  the  0 ion  yield 
interfered  with  by  gas  phase  oxygen.  Therefore,  bott 
yields  were  monitored  during  oxygen  exposure,  while 


re  checked  by 


he  background 
s significantly 


spectra  (including  0 ) froo  the  oxidized  surface 
oxygen  was  evacuated  from  the  chamber . 


Electron  stimulated  desorption  system  (a)  consisting  of 
an  electron  gun  and  a quadrupole  filter  for  mass 
analysis;  (b)  schematic  of  3H  prefilter  for  selecting 
the  polarity  and  the  energy  of  the  desorbed  ions. 


CHAPTER  3 

SURFACE  COMPOSITION  OF  HiCr  ALLOYS 


The  surface  composition  of  a multicomponent  solid  may  differ 
from  that  of  the  bulk  as  a result  of  preferential  segregation  of  one 
or  more  components  to  the  surface.  The  extent  of  surface  segregation 
observed  at  equilibrium  during  heating  in  a vacuum  can  be  modified  by 
oxidation,  gas  adsorption,  and  sputtering.  For  atomically  clean 
metallic  alloys,  thermodynamic  equilibrium  surface  segregation  is 
driven  mainly  by  the  lowering  of  surface  energy  and  the  relief  of 
hulk  strain  energy  (36) . but  the  heat  of  nixing  of  alloys  can  modify 
the  extent  of  segregation  (37) . 


Ye  have  studied  the  equilibrium  surface  segregation  of  Ni- 
15%Cr(110!  at  temperatures  between  500°C  and  650°C.  The  alloy  was 
carefully  cleaned  by  a cyclic  sputter-annealing  procedure  until  no 
impurities  could  he  detected  by  AES.  Therefore  the  surface  impurity 
concentrations,  including  0,  S,  N , and  C.  were  estimated  to  be  below 
0.5k  throughout  the  experiment.  The  AES  spectra  were  recorded  in  situ 
during  heating.  The  sample  was  first  annealed  at  650°C  for  30  minutes 
in  order  to  relax  any  possible  composition  gradient  generated  by  ion 


INi  I°Ni  X^  IXsNi  [1  - exp  l-l/0'Hin  ♦ x”Mi  [exp  (-l/0'Hi)]l. 


The  ratios  of  Cr(38  eV)  to  Nx (61  eV)  Auger  peak-to-peak 
height  as  function  of  temperature. 


(38eV)/INi(61eV) 


Fig.  3-2  Arrhenius  plot  of  calculated  first  layer 
composition  ratio  for  Ni-lSAcr(llO) . 


T(’C) 


1/TC1/*K> 


Since  the  surface  impurity  concentrations  were  below  RES 
detection  limits,  it  seems  reasonable  to  exclude  the  possibility  that 
impurities  caused  Hi  segregation.  In  fact,  the  crystal  was 
intentionally  contaminated  with  small  amounts  of  oxygen  and  Cr 
segregated  to  surface  rather  than  Hi.  Segregation  of  Hi  to  atomically 
clean  HiCr  alloy  surface  apparently  is  due  to  the  lowering  of  surface 
energy  and  the  relief  of  strain  energy  (36) . However,  segregation 
of  Hi  to  HiCr  alloy  surface  is  still  somewhat  unexpected.  The  atomic 


liquid  surface  tension  of  Cr  is  smaller  than  that  of  Ni  (39).  Rs  a 
result,  both  size  and  liquid  surface  tension  qualitatively  indicate 
that  Cr  rather  than  Hi  should  segregate  to  the  surface.  By  using 
Rbraham  and  Brundle's  theoretical  segregation  model  which  considers 
both  bond  breaking  and  bulk  strain  energy  (36) . it  is  also  expected 
that  Cr  segregates  to  the  surface  of  HiCr  alloy,  (see  Fiq.3-3) ) . The 
experimental  observations  are  obviously  contrary  to  theory.  However, 
theoretical  predictions  are  consistent  with  experiments  if  the 


segregated  species  results  from  th 

tensions  of  liquid  elements  (see  1 
The  difference  in  surface  ene 
but  this  difference  is  sufficient 


3 reversal  in  predicted 
hat  the  surface  energy  of 
contrary  to  the  surface 


to  a prediction  in  Fiq.3-3 


of  Mi  segregation.  However,  the  basis  for  comparing  the  solid  surface 

area  basis.  For  substitutional  binary  alloys,  surface  segregation  can 
be  viewed  as  an  exchange  reaction  at  the  first  monolayer: 

^surface  + gbulk  (a}  ftbulk  + ^surface  [3-2] 

The  exchange  process  is  based  upon  the  fact  that  one  segregating  aton 
from  the  bulk  displaces  one  aton  at  the  surface  while  the  surface 
aton  density  remains  constant  near  equilibrium.  A lower  surface 

energy  per  atom,  Since  data  on  the  variation  of  surface 

energy  with  crystal  orientation  are  not  available,  we  have  used  an 
averaged  surface  energy  per  atom  calculated  from  the  relation 

ratoB(erg/aton)  = Farea(erg/cm2)  / H(atom/ca2),  [3-3] 

where  the  average  surface  atom  density.  N,  is  derived  from  the  atomic 
volume,  V,  using  the  relation. 


[3-4] 


Using  the  solid  surface  energies  in  Table  3-2. 


is  calculated 


as  contrasted  to 


Fig.  3-3 


ratio  showing  that  Hi  (for  the  HiCr  systea)  and  Fe 
(for  the  ZrFe  system)  segregation  is  expected  if  solid 
surface  tension  per  atom  ratio  is  used,  but  that  Cr 

ratio  from  liquids  is  used.  The  area  inside  (outside) 
the  bond  breaking  + non-linear  elasticity  envelope 
denotes  expected  solvent  (solute)  enrichment  at  surface 


3-1,  Parameters  Used  in  Equation  [3-1], 


Table  3-2,  Atonic  Radii  and  Volumes,  Surface  Energies  and  Energy 
of  Mixing  for  the  Ni-Cr  System. 


liquid  surface  energy  (39.41)  , 

rCr  = 1590  ± NA  (erg/cm  ) 

rMi  » 1780  ± NA  (erg/cn") 


d surface  energy  (41) 


energy  of  mixing  correction  (37) 


r.  = 2090  ± 20  (erg/csr) 
!*„.  = 1940  ± 46  (erg/cn"! 


surface  energy 


Table  3-3,  Atomic  Radii  and  Volumes,  Surface  Energies  and  Energy 
of  Mixing  for  the  Fe-2r  System. 


liquid  surface  energy  (39.41) 


solid  surface  energy  (41) 


energy  of  mixing  correction  (37) 


rfe  = 1910  ± SA  (erg/cmz) 
TZr  = 1480  ± NA  (erg/cnr) 


A (erg/csi  ) 


average  surface  atom  density 


(atoras/cm  ) 
(atoms/cm~) 


solid  surface  energy 


Compositional  Changes  Induced  by 


Ion  bombardment 


The  Ni-15%Cr  (110}  surface  vas  sputtered  at  room  and  elevated 
temperatures  by  Ar  with  an  energy  of  2 keV  and  a current  density  of 
1.2  uA/ca2.  The  changes  in  surface  composition  during  ion-bombardment 
were  monitored  by  AES.  Prior  to  sputtering,  the  sample  was  sputter 
cleaned  and  annealed  at  650°C  for  30  minutes,  then  slowly  cooled  to 
the  desired  temperature.  Though  the  segregation  of  Mi  is  expected  to 
be  greater  at  lower  temperature,  the  starting  Hi  compositions  at 
temperatures  between  400°C  and  25°C  were  only  slightly  lower  than 
that  of  500°C  because  of  the  slow  diffusion  preventing  achievement  of 
equilibrium  segregation.  The  low  energy  Auger  Cr(38  eV)/Ni(63  eV} 
peak-to-peak  ratio  as  a function  of  sputtering  tine  is  shown  in 
Fig. 3-d.  With  respect  to  the  starting  ratios,  the  Cr/Hi  ratios  were 
increased  by  ion  bombardment  at  all  temperatures  except  at  650°C, 
where  a constant  ratio  was  observed.  The  time  required  for  Cr/Ni 
ratio  to  reach  a steady  state  was  also  increased  as  the  temperature 
increased.  For  400°C  and  SOO^C,  the  time  to  reach  steady  state  was 
quite  long  and  steady  state  conditions  were  not  reached  in  some 
cases.  For  substrate  temperatures  over  550°C,  the  situation  was 
reversed  and  the  time  to  reach  steady  state  actually  decreased. 

Discussion 

These  results  generally  are  consistent  with  the  model  of 
preferential  sputtering  proposed  by  Swartzfager  and  co-workers  142} . 


Fig.  3-4 


The  ratios  of  Cr(38  eV)  to  Ni (61  eVJ  Auger  peak-to-peak 
height  as  function  of  sputtering  time  at  room  and 
elevated  temperatures. 


thermodynamic  forces  responsible  for  surface  segregation  are  the 
major  factors  that  control  surface  composition  of  alloys  under  steady 
state  ion-bombardment  conditions,  for  ion-bombarded  specimens. 


diffusion  in  the  bulk 
sputter  removal  rate. 


steep  concentration  gradient  will 


result,  with  mass  transport  largely  confined  to  the  ion  damage  region 
where  the  high  defect  density  will  lead  to  enhanced  diffusion  rates. 

From  the  regular  solution  approximation  for  Gibbsian 
segregation,  if  there  is  an  enthalpy  change  associated  with  the 


exchange  of  an  A atom  on  the  surface  with  a B atom  in  the  bulk,  the 
surface  composition  can  be  expressed  as  (43, 44) 


^ . . is  surface  concentration 
f component  i. 

The  steady-state  surface  composition  during  sputtering  can  be 
obtained  from  the  conservation  relation. 


where  Y,  is  the  sputter  yield  for  ions  impinging  on  the  component  i 


phase  change  or  precipitates 


sputtering  energies  significantly 


energies  (Y,  / Y ) in  the  steady  state  approaches  unity,  and  thus 
Ci(s)  * Ci(W 

For  Gibbsian  segregation,  the  surface  composition  C^j  can  be 
related  to  the  subsurface  composition  C. (sujjj  by  equation  [3-7] , 

<CA(s)  ' CB(s)’  = (CA(sub)  1 Slsub)1  exp  (O/AT)  ■ (3-7] 

subsurface  composition  can  be  expressed  as 


Thus  the  subsurface  layer  is  expected  to  be  depleted  of 
which  segregates.  For  the  case  of  NiCr  alloy,  the  segregation  of  Hi 
to  the  surface  in  vacuum  can  lead  to  Cr  surface  enrichment  after 
sputtering. 

The  thickness  of  altered  layer,  5,  generally  is  related  to 
enhanced  diffusion  and  the  sputter  removal  rate.  As  temperature 
increases,  the  defects  induced  by  ion  bombardment  can  migrate  longer 

at  sinks  {45).  Thus,  segregation  can  occur  over  a significant 

If  the  altered  layer  thickness,  6, 


elevated  temperature. 


is  much  larger  than  the  interplanar  spacing,  S can  be  expressed  as 


where  D is  the  diffusion  rate,  I is  the  ion  dose  rate  and  V is  the 
sputter  velocity.  The  I V is  expected  not  to  vary  much  between  room 
temperature  and  650°C,  but  D is  increased  by  the  increase  of 
temperature,  and  the  thickness  of  the  altered  layer  will  be  increased 
proportionately  to  the  diffusion  rate.  The  higher  steady-state  Cr/Ni 
ratio  at  higher  temperatures  is  attributed  to  an  increased  altered- 


layer  thickness.  However,  the  driving  force  for  segregation,  Q/RT.  i 
decreased  at  higher  temperatures.  As  a result,  the  surface 
composition  is  expected  to  approach  the  bulk  composition  at  higher 
temperatures,  which  explains  the  decrease  of  Cr/Ni  ratio  at 
temperatures  higher  than  400°C. 


For  the  present  case  since  the  steady-state  ratio  at  room 


temperature  is  lower  tl 
temperature  sputtered  s 


irface  is  depleted  of  Cr  rather  than  Hi.  The 
irea  ratio  of  a poly-crystalline  NiCr  sample 
sputtering  for  30  minutes  is  shown  in  Fig. 3- 


5.  The  slight  decrease 
depletion  of  Cr  in  the 
for  the  depletion  of  Cr 


subsurface  region.  One  reasonable  explanation 
r is  due  to  the  low  diffusion  rate  at  room 
i not  allow  the  surface  segregation  lead  to  the 


depletion  of  Hi.  Since 
on  sputtered  surface, 
surface  composition  ca 


o impurity  other  than  Ar  “as  detected  by  AES 
e possibility  of  influence  by  contaminants  o 
be  excluded. 


In  order  to  quantify  the  ARXPS  data 
developed  by  Bussing  and  Holloway  (47)  w 

transformations  o 


e procedure 

,s  employed  to  determine  a 

p functions  to  yield  the  composition  profile. 

As  shown  in  Fie .3-6.  the  calculated  composition  depth  profile  shows 
depletion  of  Cr  region  below  the  first  third  monolayer  if  0Cr  is 
assumed  to  be  4 ML  (-9  A).  In  addition,  the  calculated  composition  in 
the  first  layer  is  equal  to  the  bulk  composition  which  agrees  with 
the  result  B ci(b)*  Predicted  from  equation  [3-6]. 

If  a collision  cascade  is  initiated  in  a solid  with  atoms  of 
different  masses  and  surface  binding  energies,  the  momentum  and 
energy  will  be  distributed  differently  to  each  constituent  resulting 
in  different  ejection  probabilities  for  the  atoms.  Sigmund  (48)  has 
shown  the  cascade  sputtering  ion  yield  ratio  of  a binary  alloy  can  be 


[3-11] 


where  S.  is  the  partial  sputtering  yield.  M.  i 

exponent.  The  exact  value  of  the  parameter  m i 
depends  upon  the  energy.  At  higher  energies  ( 


The  Cr  to  Mi  peak  area  ratios  o£  NiCr  sputtered  at  room 
temperature  versus  take-o££  angle  and  the  least  sguares 


TAKE-OFF  ANGLE  (°) 


90 


ncr/(ncr  + nm)  and  x/Q  = relative  depth'with  respect 

to  the  escape  depth  of  photoelectron. 


x / Ci 


medium  energies 


(10  to  100  keV)  m = 0.5  and  for  the  energies  used 
in  this  study  (<  10  keV)  0 S m S 0.5  (481 . At  low  energies,  equation 
[3-12]  shows  a weak  dependence  on  the  mass  ratio  and  a much  stronger 
dependence  on  the  binding  energy  ratio.  In  the  case  of  binary  alloys 

be  equal  to  the  sublimation  energy,  H,  , of  the  metal  (49.50) . 

The  local  temperature  of  a solid  may  be  increased  dramatically 
in  a very  short  time  (-100  ps)  due  to  elastic  collisions.  As  a 

temperature  (thermal  spike) . The  thermal  sputtering  ion  yield  ratio 
can  be  expressed  as  (51) 


(rAxA  / rBxa,  . (m„  / V1/2  . (M|  / 

. exp[.SHB  - 5HS)  / kTspi|[e],  [3-13] 


where  (V  is  the  thermodynamic  activity  coefficient,  5H.  is  the  heat 
of  atomization  and  TgB^e  is  the  "thermal  spike  temperature." 

As  pointed  out  by  Kelly  151]..  (SA  / ytherMl  ratio  can  be 
different  from  unity,  but  the  absolute  values  of  sther„al  are  verT 
small  for  alloys.  The  yields  for  cascade  sputtering  are  expected  to 
be  much  more  important  than  thermal  sputtering  in  alloys  (51) . 

For  those  systems  showing  either  no  segregation  or  weak 
segregation,  other  sputtering  mechanisms  like  cascade  sputtering  are 
the  competing  factors  with  surface  segregation  for  preferential 


sputtering. 


segregation 


frequently 


“*>  »C,  ' V ■ »‘tr  ' ‘ 


' “.i  ' .......  *■  1 


The  equilibrium  surface  segregation  of  an  atomically  clean 
binary  Ni-15%Cr (110)  was  studied  using  AES . It  was  shown  that  Ni 
segregated  preferentially  to  the  surface  in  vacuum  at  temperatures 
between  500  and  650°C  with  a heat  of  segregation  of  2550  cal/mole. 
Based  on  theoretical  models  and  liquid  surface  energy  per  unit  area 
which  are  commonly  used  to  predict  the  segregating  species , Cr  rather 
than  Mi  would  be  expected  to  segregate.  This  system  and  these  data 
demonstrate  two  important  points:  first,  the  surface  energy  of  solids 
rather  than  liquids  must  be  used  to  properly  predict  surface 
segregation,  and  second,  the  segregating  species  should  be  predicted 
based  upon  the  surface  energy  per  unit  atom  rather  than  on  the  basis 


The  compositional  changes  of  NiCr  alloys  during  ion-bombardment 
were  also  studied  using  AES  and  XPS.  As  the  sputtering  temperature 
increased,  the  steady-state  Cr/Hi  ratio  increased  continuously  from 
200°C  to  400°C.  Above  400°C,  the  steady-state  Cr/Ni  ratio  decreased 


preferential  sputtering  of  Ni  caused  by  the  surface  segregation  of 
and  radiation-enhanced  diffusion.  In  contrast  to  elevated 
temperatures,  the  composition  depth  profile  of  room  temperature 
sputtered  NiCr  alloy  shows  that  the  subsurface  region  is  depleted  o 
1 Cr  instead  of  Ni.  This  can  be  due  to  low  diffusion  rates  at  room 


temperature,  and  surface  segregation  cannot  fully  occur  to  deplete 
Mi.  The  cascade  sputtering  yield  ratio  of  Mi  to  Cr  is  calculated  to 
be  less  than  unity,  vhich  may  explain  the  depletion  of  Cr  on 
sputtered  NiCr  surface  at  room  temperature. 


CHAPTER  4 

KINETICS  OF  OXYGEN  UPTAKE 


Results  and  Discussion 


Adsorption  of  Oxygen 

Oxygen  uptakes  on  sputtered  clean  polycrystalline  Ni. 
NiCr  alloy  were  measured  at  300  °K  with  XPS  using  the  0(ls) 
area  and  are  depicted  in  Fig. 4-1.  Three  different  reaction 
as  previously  reported  (54.55.56) . can  be  distinguished  foi 


regions. 


rease  of  oxygen  signal  intensity  o 
o dissociative  chemisorption  of  ox 


(2)  a plateau  between  10  to  20  L of  oxygen  exposure  interpreted  as 
saturation  of  the  chemisorbed  layer  and  nucleation  of  NiO,  and  (3)  a 


relatively  constant  increase  of  oxygen  up  to  -100L  due  to  growth  of 
NiO  island  on  the  surface.  The  reaction  of  oxygen  with  Cr  surface 

rate  of  oxygen  up-take  and  the  saturated  oxygen  concentration  are 
both  higher  than  for  Ni.  In  addition,  the  plateau  in  the  oxygen 
uptake  curve  of  Ni  does  not  appear  in  the  uptake  curve  of  Cr 
suggesting  that  the  chemisorbed  layer  does  not  passivate  so  well  and 
that  oxide  nucleates  much  more  readily  on  Cr  than  Ni. 

Though  the  NiCr  alloy  contains  more  Ni  than  Cr,  the  shape  of 
uptake  curve  of  NiCr  alloy  appears  similar  to  pure  Cr.  Following  a 
rapid  increase  of  oxygen  signal  over  the  first  -20  L of  exposure,  a 


Fig.  4-1 


XPS  0(ls)  peak  areas  versus  oxygen  exposure  for  poly- 
crystalline pure  Hi,  pure  Cr  and  NiCr  alloy  at  room 
temperature . 


saturation  value  is  soon  reached,  and  no  plateau  in  the  oxygen  uptake 
curve  is  observed.  The  saturated  surface  oxygen  concentration  on  NiCr 
alloy,  vhich  is  above  that  of  pure  Mi  hut  helov  that  of  Cr,  reflects 
the  nixed  natures  of  MiCr  oxide.  As  concluded  later  in  chapters  7 and 
8,  the  resultant  surface  oxygen  concentration  of  MiCr  is  due  to  a 
mixture  of  Ni  hydroxide  and  Cr  oxide  in  an  outer  oxide  layer,  and  a 
discontinuous  Cr  oxide  layer  with  some  metallic  Mi  in  the  inner  oxide 


Mi(2n)  and  CrlZn)  Spectra 

The  XPS  Mi(2p)  spectra  of  Mi  and  NiCr  alloy  as  a function  of 
oxygen  exposure  is  shown  in  Fig. 4-2.  The  spectra  labelled  0 L 
represent  the  clean  Mi  and  MiCr  alloy  surfaces.  Notice  the  changes  in 
the  XPS  spectra  at  larger  oxygen  exposure.  For  pure  Ni,  the 
chemically  shifted  peaks  shown  in  Fig.4-2(a)  are  clearly  evident  at 
exposures  of  2 30  L.  The  binding  energy  (B.E.)  of  metallic  Ni  2p^  » 


the  formation  of  NiO.  As  compared  to  pure  Ni,  nickel  in  NiCr  alloy 
exhibits  a higher  oxidation  rate.  Its  chemical  shifted  peak  (binding 
energy  is  at  .855.6  eV)  becomes  visible  at  oxygen  exposure  as  low  as 
10  L as  shown  in  Fin.4-2(b)  ■ The  assignment  of  this  chemically 


shifted  Ni  peak  has  been  a subject  of  controversy.  The  detailed 
discussions  of  the  assignments  of  0(ls)  and  Ni(2p)  spectra  will  be 
presented  in  chapter  5 and  6.  respectively.  According  to  the 
conclusions  of  chapters  6.  the  chemically  shifted  Ni(2Pj,2)  peak  ot 


chemically  shifted  NiUp^ 


Fig.  4-2 


XPS  Ni(2p>  spectra  as  a function  of  oxygen  exposure  at 
room  temperature  for  polycrystalline  (a)  pure  Ni  and  (b) 


5-4—2 (b) 


NiCr  alloy  does  not  correspond  to  the  formation  of  NiO  or  Ni^o^  but 
to  Ni  hydroxide. 

The  XPS  Cr(2p)  spectra  of  pure  Cr  and  NiCr  alloy  are  shown  in 
Fig. 4-3.  chromium  in  the  NiCr  alloy  is  oxidized  more  rapidly  than 
pure  Cr.  Chemically  shifted  Cr  2p  peaks  become  detectable  at  5 L as 
compared  to  a 10  1>  for  pure  Cr.  Unlike  the  oxidation  of  Ni,  no 
controversy  about  the  assignment  of  the  room  temperature  oxidation 
product  for  Cr  has  been  reported.  Though  the  published  results  show 
considerable  variability  owing  to  the  cleanliness  of  the  samples, 
pure  Cr  always  oxidizes  to  Cr^Oj.  The  Cr ( 2p^^  spectra  of  NiCr  alloy 
had  a chemical  shift  of  .2.3  eV,  which  is  also  consistent  with  the 
formation  of  CrjO^  (57,58,59)  ■ The  metallic  Cr  spectra  from  the 
substrate  is  attenuated  by  formation  of  the  oxide  layer.  The  metallic 
Cr  peak  is  hardly  detectable  in  the  spectrum  of  the  NiCr  alloy  after 
300  L of  oxygen  exposure,  but  the  pure  Cr  spectrum  exhibits  a large 
metallic  Cr  peak.  The  larger  attenuation  of  Cr  metallic  peak  on  NiCr 
than  on  pure  Cr  suggests  that  Cr  atoms  probably  segregate  from  deeper 
substrate  layer  to  surface  region  to  react  with  oxygen  to  form  Cr2Oj 
(see  chanter  8) ■ The  small  metallic  Cr(2p)  spectrum  observed  on 
oxidized  NiCr  alloy  results  from  the  depletion  of  Cr  in  the  metallic 

Both  Ni  and  Cr  in  NiCr  alloy  are  oxidized  more  rapidly  than  pure 
metals,  which  demonstrates  the  effects  of  alloying  of  Cr  to  Ni.  As 
found  in  Fig. 4-2 (b)  and  4-3 (b),  Cr  is  oxidized  preferentially  in  the 
first  10  L on  the  NiCr  alloy  surface,  so  it  is  not  surprising  to  find 


Cr(2p)  spectra  as  a function  of  oxygen  exposure  at 
temperature  for  polycrystalline  (a)  pure  Cr  and 


567,0 


that  the  oxygen  uptake  curve  of  HiCr  is  very  similar  to  that  of  pure 
Cr,  rather  than  pure  Hi,  in  this  range  of  oxygen  exposure.  Moreover, 
in  the  beginning  of  oxygen  exposure  (-5  l)  the  slope  of  oxygen  uptake 
curves  of  NiCr  is  very  close  to  that  of  pure  Cr  suggesting  that  the 
dissociation  and  chemisorption  of  oxygen  on  Cr  sites  probably 
dominate  the  oxidation  reaction  on  alloy  surface.  The  above  results 
and  observations  perhaps  can  be  qualitatively  understood  by  the 
larger  chemisorption  energy  and  oxide  formation  energy  of  Cr-0  system 
than  Hi-0  system  (60)  as  shown  in  Table  4-1. 


In  summary,  both  Hi  and  Cr  in  HiCr  alloy  are  oxidized  more 
rapidly  than  pure  metals,  and  the  oxygen  uptake  behavior  of  HiCr 
alloy  is  dominated  by  the  oxidation  of  Cr  in  the  first  10  L of  oxygen 
exposure.  Both  pure  Cr  and  Cr  in  HiCr  alloy  have  the  same  oxidation 

hydroxide  is  found  on  the  oxidized  HiCr  surface. 


72 

Table  4-1 , Heats  of  Oxygen  Adsorption  and  Formation  of  Oxide 
for  Hi  and  Cr  at  300°K.  (from  60} 


element  of  adsorption  (kJ/mole) 


of3oxidef (kJ/mole) 


SPECTRA 


CHAPTER  5 

ASSIGNMENTS  OP  XPS  O(ls) 


Introduction 


As  already  pointed  out  by  many  authors  (61.62.63.64) . the 
assignment  of  various  core  level  shifts,  namely  XPS  O(ls)  and  Ni(2p) 
spectra,  in  the  oxygen-nickel  system  is  a controversial  subject.  This 
is  particularly  true  for  O(ls)  emission.  In  contrast  to  the  Hi-0 
system,  it  has  been  found  that  only  one  oxidation  product.  Cr^Oj , 
formed  on  the  room  temperature  oxidized  pure  Cr  surface  in  UHV 


Results 

A sequence  of  O(ls)  spectra  as  obtained  from  a Hi (110)  surface 
after  different  oxygen  exposures  at  room  temperature  is  shown  in 
Fig. 5-1.  All  the  O(ls)  spectra,  even  at  exposure  s 3 L,  have  a major 
feature  at  529.0  t 0.4  eV  and  a less  intense  feature  at  530.6  ± 0.4 
eV.  The  binding  energies  of  the  two  0(ls)  peaks  reported  here  are 
slightly  lover  than  previously  reported  binding  energies,  which  are 
at  529.4  i 0.4  eV  and  531.0  ± 0.4  eV,  respectively  168,69,70)  ■ The 
deviations  (.0.6  eV)  are  believed  to  result  from  the  calibration  of 


Fig.  5-1  XPS  Oils)  spectra  of  Hi(llO)  surface  as  a function  of 
oxygen  exposure  at  room  temperature. 
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BINDING  ENERGY  (EV) 


Discussion 

The  O(ls)  peak  at  529.0  eV  has  been  generally  reported  to  result 
from  stoiehionetric  HiO  at  oxide  covered  Ni  surfaces 
(68.69.70.71.72) . and  the  high  B.E.  O(ls)  peak  has  been  assigned  to  a 
variety  of  different  species  such  as  HijOj  (69) . chemisorbed  oxygen 
(73) . CO,  * 74) . or  hydroxyl  species  (75) . While  at  low  coverages 
(chemisorption  stage)  the  O(ls)  peaks  at  529.0  eV  and  530.6  eV  have 
been  assigned,  respectively,  to  (a)  C(2x2)  and  P(2x2)  (70) . (b)  O 
and  atomic  O i761  (c)  O2"  and  OH(a(i3)  HiL  *nd  (M  O2'  and  C03  Hdl- 
One  of  the  reasons  for  the  inconsistent  assignments  is  the 
insufficiently  controlled  experimental  parameters,  especially  the 
composition  of  residual  gas  and  perfection  of  surface.  Another  more 
fundamental  reason,  as  pointed  out  by  Wandelt  (62) . perhaps  is  that 
the  electronic  structure  of  chemisorbed  oxygen,  in  particular  its 
degree  of  ionicity,  is  still  not  understood. 

Assignments  of  High  Binding  Energy  0(ls)  Peak 

Many  authors  (68.69.70.72)  have  attributed  the  high  B.E.  O(ls) 
peak  at  oxide  covered  surface  to  "Hi^O^ , " but  this  interpretation  is 
not  correct  at  low  oxygen  coverage.  The  high  B.E.  O(ls)  peak  may  be  a 
result  of  reactions  of  residual  gases  like  hydrogen  and  water.  The 
influences  of  residual  gases  on  the  oxidation  products  of  Hi  are 
often  ignored.  For  instance,  Kim  and  winograd  (KV)  (69)  reported  that 


evaporated  Ni  films  exposed  to  100  Torr  oxygen  for  2 hours  at  rooi 

531.7  eV.  The  0 ( Is ) peak  at  higher  B.E.  was  attributed  to  defecti' 
NijOj,  because  KW  were  able  to  populate  this  high  B.E.  peak  by 
bombarding  a Ni  surface  with  400  eV  O’  ions.  These  data  are  not 
conclusive  because  of  the  poor  oxygen  purity.  The  base  pressure  o 


range,  and  "water  is  the  major  contaminant  with  0 " (691 . Actually, 
the  existence  of  (OH)  species  in  KU's  work  is  suggested  because  the 
XPS  O(ls)  and  Ni(2p)  line  shapes  of  "NigO^"  are  similar  to  those  of 


Factors  other  than  impurities  and  bombardment  were  reported  to 
have  effects  on  the  appearance  of  high  B.E.  O(ls)  peak.  Norton  et  al. 

(68)  found  that  the  XPS  high  B.E.  O(ls)  peak  can  be  enhanced  by 
heating  a room  temperature  oxidized  Ni  surface  to  485°K  for  10  - 15 
minutes  or  carrying  out  the  oxidation  at  485°K.  Kim  and  Winograd  (69) 
also  reported  an  increase  in  the  high  B.E.  0{ls)  peak  along  with  a 
shift  of  the  Ni  L»VV  transition  when  the  oxidation  experiment  was 
performed  at  a slightly  elevated  temperature  (between  150°C  and 


Norton  et  al.  (68)  interpreted  the  increase  of  high  B.E.  O(ls) 
peak  at  moderate  temperature  to  be  due  to  the  formation  of  Ni  or . 
more  specifically,  Ni-O,.  According  to  the  results  of  Norton  et  al., 
the  UPS  spectra  of  "Ni,0,"  formed  at  moderate  temperature  are 
different  from  Ni  surface  oxidized  in  moist  0_.  so  that  the  changes 


Fig.  5-2 


Compilation  of  0(ls)  and  Hi (2Pj^2^  KPS  spectra  for 
Ni(lOO),  various  Ni  oxides  and  Ni(lOO)  after  various 
oxygen  exposures.  For  the  Ni(100)  + 0.  spectra 
the  intensity  scales  are  as  marked.  For  the  oxides 
scales  are  arbitrary,  {from  ref .82.  reprinted  with 


0(1s) 


Ni(2p3/2) 


B.E.(eV)- 


of  Hi  d-band  UPS  spectra  due  to  the  formation  of  Mi  (OH)  0 appear  to  be 
quite  unlikely.  Particularly.  NifOH}^  is  relatively  unstable  at 
elevated  temperature.  The  possibility  due  to  Ni^O^  is  also  ruled  out, 
since  the  formation  of  Ni^Oj  (Mi  : 0 = 1 : 1.5}  requires  diffusion  of 


nickel  atoms  out  of  the  NiO  oxide  layer  (Hi  : 0 = 1 : 1)  or 
production  of  excess  oxygen  in  the  oxide  layer;  both  are  contrary  to 

Mi  can  cause  the  dissolution  of  oxygen  into  bulk  and  reduction  of  HiO 

responsible  for  the  increase  of  high  B.E.  0 ( Is)  peak  on  the  annealed 
oxidized  Mi  surface,  but  the  origin  of  this  temperature  related 
binding  energy  shift  phenomena  still  needs  further  study. 


Identification  of  O(ls)  Snectra  by  Multi-techniques  Analysis 

It  is  of  interest  to  find,  just  by  summarizing  the  results  from 
the  two  papers  mentioned  above  (68.69) . that  high  B.E.  O(ls)  peak 
can  be  produced  by  bombarding  Ni  with  0"  ion.  oxidizing  Mi  at 
moderate  temperatures,  exposing  Ni  to  moist  0_.  exposing  Mi  to  air, 
annealing  the  room  temperature  oxidized  Ni,  or  simply  oxidizing  Ni  at 
room  temperature.  Apart  from  these  means,  it  was  reported  that  high 
B.E.  0(ls)  can  also  be  produced  by  reaction  of  Mi  with  CO,  or  H,o 
(74,75)  and  by  sputtering  cleaved  NiO  with  Ar*  178) . It  is  noted  that 
all  the  high  B.E.  0(ls)  peaks  mentioned  have  similar  binding  energies 
(531  ± 0.5  eV) . even  though  they  can  be  quite  different  species. 

These  results  not  only  reveal  the  complexity  of  the  assignment 


of  0 ( Is ) but  also  demonstrate  the  incapabilities  of  XPS  OUs)  data 
alone  to  resolve  different  O-containing  species.  Therefore,  two 
points  are  apparent:  first,  even  though  the  binding  energies  of  Oils) 
may  be  the  same,  it  is  inappropriate  to  assign  the  0(ls)  spectra  by 
directly  using  the  assignments  obtained  under  different  experimental 
conditions.  Second,  in  order  to  unambiguously  identify  the  various 
reaction  products  of  Hi  in  Ni-0  system,  multi-technique  analysis  is 

Specifically  for  the  room  temperature  oxidation  of  Hi,  Hopster 
and  Brundle  175)  used  SIHS  and  XPS  to  study  the  origins  of  high  B.E. 
OUs)  peak.  By  correlating  the  high  B.E.  OUs)  peak  with  the 
appearance  of  the  (OH)  containing  ion  clusters,  like  OH  and  NiOH 
ions,  obtained  from  SIMS,  they  concluded  that  the  high  B.E.  OUs) 
peak  is  not  representative  of  P(2x2),  Hi ^O ^ or  molecular  oxygen,  but 
represents  an  OH  species  formed  by  reaction  of  oxygen  with 
contaminated  background  water  in  UHV  chamber.  In  addition,  they  also 
concluded  that  chemisorbed  0,  of  either  C(2x2).  P ( 2x2)  or  other 
chemisorbed  structures,  have  the  same  B.E.  (within  ±0.3  eV)  as  HiO. 

Because  of  the  sensitivity  of  electron  stimulated  ion  desorption 
(ESID)  technique  to  hydrogen  (79-81) , the  formation  of  hydroxyl 
species  during  oxygen  exposure  was  also  studied  by  ESID  in  this  work. 
The  ESID  results  (see  chanter  9)  support  the  existence  of  hydroxyl 
groups  on  oxidized  Hi  surface. 


Thermodynamic  Basis  for  the  Assignment  of  0(ls)  Spectra 

In  order  to  understand  why  high  B.E.  Oils)  peak  formed  on  room 
temperature  oxidised  Hi  surface,  it  is  instructive  to  examine  the 
0(ls)  spectra  of  other  oxidized  transition  metals  like  chromium  and 
iron.  Chromium  has  two  states,  +3  and  +6,  and  Fe  has  *8/3  and  +3 
states  besides  the  lowest  +2  state.  If  the  high  B.E.  o(ls)  shoulder 
on  oxidized  Ni  is  really  due  to  the  presence  of  oxide  of  higher 
state,  Hi^Oy  it  is  reasonable  to  expect  that  the  high  B.E.  peak 
should  also  appear  in  the  Oils)  spectra  of  oxidized  Cr  and  Fe. 
However,  as  shown  in  the  Fig. 10-5  no  high  B.E.  O(ls)  peak  is  observed 
on  oxidized  Cr  surface.  Horeover,  the  O(ls)  spectra  of  oxidized  Fe 
published  by  Brundle  et  al.  (82)  also  do  not  exhibit  any  high  B.E. 
shoulder  peak.  These  experimental  observations  clearly  indicate  that 
the  high  B.E.  O(ls)  shoulder  cannot  be  due  to  the  formation  of  oxide 


The  bonding  energies 


f OH-metals  and  0-metals  for  Ni,  Cr  and  Fe 
s compared  to  oxygen.  (OH)  is  not  favored 
(for  example,  the  bonding  energies  for  Cr- 
I is  -356  kJ/mole) . Even  in  the  presence  of 


0 is  -383  kJ/mole 

thermodynamically  more  favored  to  form  than  hydroxides  at  room 
temperature.  On  the  contrary,  Ni  has  similar  affinities  to  both  (C 
and  0,  and  the  reaction  product  whether  it  is  hydroxide,  adsorbed 
(OH) , oxyhydroxide , or  oxide  mainly  depends  upon  the  contents  of 
water  or  hydrogen  in  the  oxidizing  environment.  Under  the  present 


oxygen  exposure  conditions,  since  hydrogen  content  is  high  (59%  of 
the  partial  pressure  of  oxygen,  see  chapter  2) , both  hydroxyl  and 
oxide  species  are  expect  to  co-exist  on  Hi  surface. 


Two  XPS  Oils)  peaks  (binding  energies  at  529.0  ± 0.4  eV  and 
530.6  ± 0.4  eV)  were  found  on  oxidized  Hi  surface.  The  existence  of 
Hi^+  (or  "HijOj")  has  been  proposed  to  account  for  the  presence  of 
high  B.E.  Oils)  peak  on  room  temperature  oxidized  Hi  surface. 

However,  Hi  is  generally  considered  as  the  only  stable  oxidation 
state  in  equilibrium  conditions,  and  HijOj  as  a product  of  oxidation 
of  Ni  at  room  temperature  is  not  supported  by  any  convincing 
experimental  results.  It  has  been  shown  that  the  high  B.E.  0(ls)  peak 
at  room  temperature  oxidized  Hi  surface  is  due  to  (OH)  species,  and 


peak  is  either  due  to  adsorbed  oxygen 


CHAPTER  6 

IDENTIFICATION  OF  THE  REACTION  PRODUCTS  OF  Ni 
Introduction 


In  the  presence  of  H?0  and  H?,  the  oxidation  reaction  on  Ni 
surface  can  be  quite  complicated.  Besides  NiO,  complicated  products, 
such  as  NiO(OH).  Ni(OH) 2 and  <0H) ads  may  also  be  formed  at  surface. 

Though  XPS  O(ls)  spectra  have  standard  Gaussian  peak  shapes, 
the  Oils)  spectra  of  many  different  chemical  species  have  the  same 
binding  energy  as  discussed  in  the  chapter  5.  It  is  therefore 

■e  O(ls)  spectra  alone  to  identify  the  various  possible 
:ion  products,  such  as,  (OH) , Ni (OH) 2 , NiOOH  and 

■om  Ni C2p)  have  more  complicated  line  shapes  than  O(ls) 
■e  than  one  reaction  product  exists,  it  is  apparently 
o accurately  estimate  the  composition  of 
tion  products  of  Hi  formed  on  the  oxidized  Ni  or 
NiCr  surfaces.  Successful  curve  fitting  analysis  of  Ni(2p)  spectra  of 
a selected  mixed  Ni/Al^O^  system  has  been  demonstrated  183) . 

However,  the  curve  fitting  analysis  is  considerably  more  difficult 
for  the  present  case,  simply  because  more  chemical  species  are 
present  on  Ni  and  NiCr  surfaces  oxidized  at  room  temperature. 

Spectra  from  XPS  of  metallic  Ni(2p)  and  its  o: 


difficult  to  U: 
oxidation  reac 

different  mixed  r 


generally  exhibit  a main  peak  and  some  satellite  fine  structures  as 
illustrated  in  Fig .5-2.  The  satellites  occur  either  from  extrinsic 
energy-loss  processes  as  the  primary  electrons  pass  through  the 
sample  or  from  intrinsic  energy-loss  processes  during  photoemission 
events  184) . For  a simple  mixed  oxidation  product  system  like  NiO 
and  Ni (OH) ^ , the  overlaps  of  satellites  with  major  peaks  cause 
difficulties  in  deconvolution.  With  respect  to  the  B.E.  of  metallic 

of  NiO  is  at  .853.8  eV  and  does  not  overlap  with  the  major  peak  of 
Ni(OH).,,  But  NiO  has  a large  multiplet  splitting  satellite  peak 
beside  the  major  peak  at  .855.2  eV  185) ■ which  does  overlap  with  the 
major  peak  of  Ni(OH),.  In  addition,  the  shake-up  satellite  of  NiO 
(86)  at  .860.6  eV  also  overlaps  with  the  shake-up  satellite  of 


Because  of  the  large  FVHM  (.2.5  to  5 eV)  and  the  Doniach-Sunjic 
line  shapes  (which  result  from  electron-hole  interaction  (87,88) ) , 
accurate  quantification  analysis  of  this  two  component  mixed  system 
is  rather  difficult.  Moreover,  the  overlaps  also  make  the 
identification  of  small  amount  of  NiO  in  the  presence  of  large  amount 
of  Hi (OH) .,  or  vice  versa,  more  difficult.  On  an  oxidized  Ni  surface, 
the  difficulties  of  quantification  are  further  enhanced  by  the 
presence  of  metallic  Ni  spectra  and  the  complicated  inelastic 
backgrounds,  which  act  as  possible  extra  sources  of  asymmetry  for 
these  peaks.  Therefore,  no  attempts  were  made  to  quantify  the  peak 
areas  and  amounts  of  NiO  and  Ni  hydroxide  on  oxidized  Ni  or  Ni 


Despite  of  the  difficulties  in  quantitative  analysis,  useful 
qualitative  information  can  be  obtained  from  the  Hi (2p)  spectra: 
particularly  for  differentiating  various  products  like  Hi  hydroside 
and  adsorbed  (OHI  on  NiCr  and  Hi  surfaces,  since  the  changes  of 
Hi(2p)  spectra  line  shapes  are  more  sensitive  to  these  chemical 
species  than  0(ls)  spectra. 


The  XP5  Ni(2p)  spectra  of  oxidised  Hi (1101  and  Hicr  alloy 
surfaces  after  300  L of  oxygen  exposure  as  veil  as  300  I.  of  oxygen 
exposure  plus  air  exposure  are  shown  in  Fig .6-1.  After  300  L of 
oxygen  exposure  in  UHV,  the  major  oxidation  product  of  Hi  in  MiCr 
alloy  is  Hi  hydroxide  (the  B.£.  of  the  major  peak  is  at  855.6  eV) 
which  is  apparently  different  from  HiO  (the  B.E.  of  the  major  peak  is 
at  853. 8 eV)  formed  on  pure  Hi.  After  air  exposure,  an  additional 
feature  at  855.6  eV  appears  in  the  Hi ( 2p)  spectra  of  pure  Hi 
indicating  the  formation  of  Hi  hydroxide.  The  identification  of  Hi 
hydroxide  of  large  amount  in  the  spectra  like  the  above  case  is  easy. 
However,  the  existence  of  other  reaction  products  of  smaller  amount 
is  not  obvious  due  to  the  overlaps  of  peaks. 

At  higher  take-off  angles,  the  intensities  of  the  products  at 
the  outer  atomic  layers  relative  to  the  products  in  the  inner  layer 
will  be  decreased,  so  angle-resolved  XPS  analyses  were  performed  to 


Fig.  6-1 


Hi (2p)  XPS  spectra  at  6 = 45°  for  (a)  Ni(llO)  exposed 
to  300  L at  ■ 5 x 10  **  Torr , (h)  Ni(llO)  exposed  to 
air  for  5 minutes  subsequent  to  (a) , (c)  poly- 
crystalline HiCr  alloy  exposed  to  300  L at  PQ2  = 5 
x 10  Torr;  (d)  polycrystalline  NiCr  alloy  exposed  to 
air  for  5 minutes  subsequent  to  (c) . 


BINDING  ENERGY  <eV) 


inhomogeneities  of  reaction  products 


function 


depth.  The  identification  of  reaction  products  of  Ni  is  interfered  by 
the  metallic  Mi  spectra,  particualry  at  high  take-off  angles  where 
the  intensities  of  metallic  Hi  peaks  are  so  large  and  other  peaks  are 
smeared  (for  example,  see  Fio-8-11 . In  order  to  more  effectively 
compare  the  spectra  taken  at  different  take-off  angles,  the  metallic 
Ni  peaks  are  subtracted  from  raw  spectra  by  the  normalized  metallic 
Hi  spectra  obtained  from  a clean  Ni  surface.  The  backgrounds  of  the 
raw  spectra  are  also  subtracted  using  a modified  Shirley  method 
provided  by  Perkin-Elmer  Co.  Thus,  the  difference  Hi(2p)  spectra 
should  be  only  consisted  of  reaction  products,  either  NiO  or  Hi 
hydroxide  or  a mixture  of  the  two.  This  procedure  allows  one  to 
amplify  the  spectra  of  reaction  products  at  high  take-off  angles.  The 
difference  Ni(2p)  spectra  of  oxidized  Hi  and  HiCr  alloy  surfaces  as  a 
function  of  take-off  angle  are  compared  in  Fig. 6-2. 


Discussion 


Reaction  Products  on  Pure  Hi 
A.  300L  + air-exposure 

As  shown  in  Fig .6-2 (a), 
plus  air-exposed  Ni(llO)  has 
(whose  binding  energy  is  855 


le  difference  Hi(2p>  spectra  for  300  L 
dominant  feature  due  to  Ni  hydroxide 


take-off  angle  increases,  the  intensity  of  the  NiO  peak  at  853.8  eV 


(i  hydroxide  features  at  lower 


Fig.  6-2 


The  difference  Ni(2p)  XPS  spectraafter  substraction  of 
background  and  metallic  Hi  spectra,  (a)  NidlO)  exposed 
to  300  L Oj  + air.  (b)  NilllO)  exposed  to  300  L 0,, 

(c)  NiCr  alloy  exposed  to  300  L 0,  ♦ air;  (d)  NiCr  alloy 
exposed  to  300  L 0,. 
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BINDING  ENERGY  IeV) 


BINDING  ENERGY  <EV) 


BINDING  ENERGY  (EV) 


Fig.  6-3  0(ls)  XPS  spectra  versus  take-off  angle  for  Ni (110) 

exposed  to  300  L at  5 x 10  5 Torr. 


BINDING  ENERGY  (EV) 


suggests  that  Ni  hydroxide  is  concentrated  at  outer  oxide  layer.  The 
difference  spectra  as  a function  of  take-off  angle  in  Fig.6-2ta) 
clearly  demonstrate  the  existence  of  both  NiO  and  Hi  hydroxide  on  the 
air-exposed  Ni  surface. 


oxidized  Ni(110)  surface 


The  difference  Ni(2p)  spectra 
are  shown  in  Fio.6-2(b) ■ In  contrast  to  the  ai 
the  difference  spectra  are  unchanged  as  take-c 
indicates  that  the  reaction  products  of  Ni  on 
Hi (110)  surface  is  homogenous  as  a function  of 
Fig, 6-3.  the  Oils)  spectra  of  300  L oxidized  ) 
increases  of  high  B.E.  oils)  peaks  as  take-off 
indicating  that  the  (08)  groups  exist  at  the  < 
respect  to  oxide  layer.  If  the  (OH)  signals  at 
of  Ni  hydroxide,  based  upon  the  Oils)  spectra 
expect  that  Ni  hydroxide  should  exist  at  outei 
the  difference  spectra  should  be  attributed  t( 
area  of  hydroxyl  O(ls)  is  about  44k  of  the  oxide  Oils)  peak  at 
31%  of  the  total  O(ls)  peak  area)  at  15°  take-off  angle.  If  Ni 
hydroxide  has  the  chemical  formula  Hi (OH) ^ . the  Ni  difference 
spectrum  at  15°  take-off  angle  would  be  consisted  of  18%  of  Hi 


L show  substantial 

iter  surface  with 
» due  to  the  presence 

Hi  hydroxide.  The  peak 


hydroxyl  0(ls)  is  about  16 


increased,  and  tl 


i difference  spectrum 


compared  with  synthetical  spectra  obtained  by  nixing  the  standard  NiO 
and  Hi  (OH) 2 spectra  with  the  same  ratios,  if  Hi  hydroxide  exists  at 
outer  oxide  layer,  the  Hi  difference  spectra  in  Fig. 6-2 (b)  should  he 
angle-dependent.  This  is  contrary  to  the  angle-independent  Hi (2p> 
difference  spectra  in  Fig.  6-2(b).  indicating  that  Hi  hydroxide  is 
not  formed  on  Hi  surface,  and  the  (OH)  is  only  an  adsorbed  species  on 
the  Ni  oxide  surface.  Because  the  dominant  feature  of  difference 
spectra  resides  at  .853.8  eV,  the  major  oxidation  product  is  believed 


Reaction  Products  on  HiCr  Alloy 

As  shown  in  Fig.6-2(c)  and  (d) . the  difference  spectra  of  both 
300  L and  300  L plus  air-exposed  HiCr  surfaces  are  quite  similar,  and 
both  spectra  have  a dominant  feature  at  855.6  eV,  which  indicates  the 
existence  of  Ni  hydroxide.  As  take-off  angle  increases,  a peak  at 

slightly  increases  its  intensity  suggesting  the  existence  of  HiO  in 

amounts  of  HiO  formed  on  the  both  300  L and  air-exposed  oxidized  HiCr 
surfaces  were  quite  small.  In  addition,  the  intensity  of  NiO  feature 
on  the  air-exposed  surface  is  slightly  smaller  than  the  300  L 0HV 
oxidized  surface,  which  suggests  that  the  NiO  formed  in  UHV  on  HiCr 
surface  was  partially  hydroxylated  by  moist  air  similar  to  that  on 


summary,  because 


complexities 


oxidation  products  of  Ni  on  Ni  and  NiCr  surfaces  are  identified  by 
using  XPS  NiI2pl  spectra.  After  300  L of  oxygen  exposure,  NiO  is 
formed  on  pure  Ni  surface,  and  the  high  B.E.  O(ls)  peak  is  due  to  the 
presence  of  adsorbed  hydroxyl  in  the  outer  oxide  layer.  After 
exposing  the  300  L oxidized  Hi  to  air  for  5 minutes.  NiO  is  partially 
hydroxylated  and  Ni  hydroxide  is  formed  in  the  outer  layer.  Ni 
hydroxide  and  small  amount  of  NiO  in  the  inner  oxide  layer  are  found 
on  both  300  L oxidized  and  air-exposed  NiCr  alloys. 


ION  SCATTERING  SPECTROSCOPY  OF  NiCr  ALLOY 

Results  and  Discussion 
Components  on  the  NiCr  Surface 


surface  before  and  after  room 


temperature  oxidation  are  shown  in  Fig. 7-1.  Compared  to  the  spectra 
of  clean  pure  Hi  and  Cr,  both  Hi  and  Cr  are  apparently  present  in  the 
top  layer  of  clean  and  oxidized  surfaces.  An  increased  background  or 
tail  intensity  in  the  lower  kinetic  energy  region  is  observed  in  the 


oxidized  NiCr  ISS  spectrum. 

Only  0.  Ni  and  Cr  were  detected  by  AES  on  the  UHV  oxidized  NiCr 
surface.  Thus  the  broad  high  intensity  ISS  background  can  not  be 
attributed  to  elastic  scattering  peaks  from  Che  elements  on  the 
surface.  The  possibility  of  high  background  due  to  the  presence  of 
surface  hydrogen  is  also  excluded,  because  surface  hydrogen  only 
causes  a reduced  scattered  ion  yield  from  the  substrate  (89,90) . 

Since  the  high  intensity  tail  was  not  seen  for  clean  NiCr 
surface,  this  background  must  be  associated  with  oxygen  on  the 
surface.  The  backgrounds  in  ISS  spectra  generally  are  due  to  ions 
which  penetrate  and  lose  energy  on  their  inward  and  outward  paths  in 
additions  to  the  energy  lost  in  the  backscattering  collision.  The 
intensity  of  the  background  is  directly  affected  by  the  efficiency  of 


Tig.  7-1 


1 lev  He*  ISS  spectra  taken  from  pure  Ni.  pure  Cr. 
clean  NiCr  alloy  and  oxidized  NiCr  alloy  {100  L 0,  at 
room  temperature) . 
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ion  neutralization  at  surface  191) . As  the  ion  neutralization 
efficiency  decreases,  the  intensity  of  the  background  is  expected  to 
increase.  In  the  presence  of  surface  oxygen,  the  positive  ion  yields 
increases  because  less  tunneling  occurs  to  neutralize  the  positive 
ions.  Therefore,  it  is  reasonable  to  expect  that  surface  oxygen  can 
cause  increased  backgrounds  in  IS5  spectra.  Furthermore,  even  though 


no  elastic  peak  from  oxygen  is  observed,  the 
regarded  as  an  indication  of  the  presence  of 


Annealing  Experiment 

The  thermal  stability  ' 


studied  by  heating 


the  sample  to  500°C.  When  the  oxidized  surface  was  heated,  AES  data 
(see  Fio.7-2)  showed  a continuous  decrease  of  O(XLL)  intensity 
accompanied  by  decreased  background  intensities  in  the  ISS  spectra  as 
shown  in  Fig. 7-3.  It  is  believed  that  the  decreased  oxygen  signal 
during  heating  is  a result  of  the  dissolution  of  surface  oxygen  into 
subsurface  region  (92) . The  correlation  between  ASS  O(KLL)  signal 


and  ISS  background  intensity  further  supports  the  explanation  of  the 
background  as  being  due  to  surface  oxygen. 

Apart  from  decreased  background  during  heating.  ISS  spectra  also 
provide  information  about  the  changes  of  the  surface  composition  of 

Hi  signal  decreases,  which  indicates  Cr  segregates  to  the  surface. 
Prolonged  heating  at  500  °C  caused  a decreased  Cr  signal  and  an 
increased  Mi  signal,  showing  reversal  of  the  Cr  and  Ni  compositions 


Fig.  7-2 


1 keV  ISS  spectra  as  a function  of  heating  time  at 
500°C  for  NiCr  alloy  exposed  to  100  L 0.  and  1 fceV  ISS 
spectrum  of  clean  NiCr  alloy. 
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Fig.  7-3 


Auger  peak  to  peak  or  peak  to  background 
versus  heating  tine  at  500®C  in  vacuum. 


in  the  top  layer.  After  four  hours  of  heating  at  500  °C,  ISS  spectrum 
showed  that  the  top  layer  of  the  oxidized  NiCr  alloy  was  almost 
restored  bach  to  that  of  the  clean  surface  by  heating,  and  a 
negligible  background  suggests  that  only  a very  small  amount  of 
oxygen  is  present  in  the  top  monolayer.  But  AES  still  detects  a 
substantial  amount  of  oxygen  (the  0 ELI.  intensity  is  > 50%  of  the 
initial  oxygen  signal) . Because  of  the  relative  long  escape  depth  for 
O(KLL)  Auger  electron  (about  8 - 9 ML  in  the  oxide  (92)).  the 
discrepancy  between  AES  and  ISS  results  indicates  some  oxygen  is 
dissolved  into  the  subsurface  region.  This  subsurface  oxygen  can  be 
detected  by  AES  but  not  by  ISS. 


while  ISS  shows  the  top  layer  surface  composition  is  close  to 
the  clean  surface,  both  Auger  low  energy  and  XPS  2p  spectra  showed 
that  only  Ni  hydroxide  was  reduced  to  metallic  Ni  with  Cr  oxide  bei 
only  partially  reduced  even  after  prolonged  heating  at  500°C  for  4 
hours.  These  results  indicate  that  Cr  oxide  has  better  thermal 
stability  than  Ni  hydroxide,  and  most  of  the  dissolved  subsurface 
oxygen  is  probably  associated  with  Cr  oxide  not  Ni.  It  is  evident 
that  the  alloying  of  Cr  changes  the  distribution  of  oxygen  at 
annealed  oxidized  surface. 


In  summary,  the  results 


experiments  indicate  both  Ni  and 


present  at  oxidized  NiCr  surface.  Though  no  elastic  scattering 


detected  under 


the  present  experimental 
conditions,  the  high  backgrounds  can  serve  as  an  indication  of  the 
presence  of  surface  oxygen.  The  thermal  stability  of  the  oxides  on 
NiCr  alloy  has  been  studied.  It  is  found  that  Cr  oxide  has  better 
stability  than  Ni  hydroxide  at  500  °C.  In  addition,  the  distribution 
of  oxygen  at  annealed  oxidized  Ni  surface  is  modified  by  the  addition 


formed 


NiCr  surface  after  300  L of  oxygen  exposure,  angle-resolved  XPS 
experiments  vere  performed. 


The  XPS  spectra  of  Ni(2p),  Cr(2p)  and  0 i Is)  taken  at  different 
take-off  angles  are  shown  in  Fig. 8-1.  Notice  that  the  Hi  hydroxide 
feature  at  855.6  eV  is  the  dominant  feature  at  15°  take-off  angle, 
while  the  intensity  of  the  Ni  hydroxide  decreases  and  metallic  Hi 
peak  becomes  the  major  feature  as  the  take-off  angle  increases  to 
85°  (near  normal  form  the  surface).  In  contrast  to  Ni(2p)  spectra. 
Cr(2p)  spectra  do  not  change  significantly  as  take-off  angles  vary. 
Cr  oxide  always  is  the  major  feature  in  Cr(2p)  spectra  even  at  85° 


consisted  of  substraction 


ide  to  Ni  hydroxide  ai 
f angle  are  plotted  it 


to  the  method  employed  in 
of  the  spectra  of  metallic 


Fig. 8-2  with  increased 
Ni  hydroxide  increased 


Fig.  8-1  Hi <2p> , Cr (2p)  and  0(ls)  XPS  spectra  versus  take-off 
angle  for  NiCr  alloy  exposed  to  300  L 0.. 


Fig.  8-2 


The  peak  area  ratios  of  Cr  oxide  to  Ni  hydroxide  and  Cr 
metal  to  Ni  metal  versus  take-off  angle  for  NiCr  alloy 
exposed  to  300  L 0,. 


115 

suggesting  that  Ni  hydroxide  is  present  at  the  outer  surface  of  NiCr 

overall  Oils)  spectra  as  take-off  angle  increased  in  Fig. 8-1  also 
suggest  the  existence  of  hydroxide  at  outer  oxide  layer. 

The  spectra  of  Ni(2p)  and  Cr{2p}  of  oxidized  HiCr  surface  after 
sputtered  by  4 keV  Ar  for  1 ainutes  are  shown  in  Fig. 8-3.  It  can  be 
seen  that  Ni  hydroxide  is  almost  completely  removed,  but  most  of  Cr 
oxide  seems  to  remain  "intact'*  after  sputtering.  The  sputtering 
results  tend  to  agree  with  the  non-destructive  ARXPS  results  above 
suggesting  Ni  hydroxide  was  indeed  in  the  outer  oxide  layer. 


The  heterogenous  oxide  structure  formed  on  NiCr  surface  can  be 
quite  complicated.  Combined  all  the  information  obtained  by  ZSS 
(chapter  7)  and  ARXPS,  it  can  be  concluded  here  that  Ni  hydroxide  and 

amount  of  Ni  oxide  are  in  the  inner  oxide  layer  (from  the  conclusion 
of  chanter  6) . Based  on  those  data,  a two  layer  model,  which  divides 
the  oxide  layer  into  an  outer  layer  (thickness  * t ,)  and  an  inner 
layer  (thickness  - t,) . can  be  used  to  determine  the  thickness  of 
oxide  formed  on  NiCr  surface.  The  model  is  illustrated  in  Fig .8-4,  in 
which  for  simplification  the  small  amount  of  HiO  in  t.  layer  is 
neglected.  The  mean  escape  depths  for  Cr(2p)  and  Ni(2p) 
photoelectrons  in  the  oxide  layer  are  estimated  to  be  9 HL  and  7 ML, 


Fig.  8-3 


Ni(2p)  and  Cr(2p)  XPS  spectra  of  an  oxidized  (300  L) 
NiCr  alloy  after  sputtered  by  4 keV,  1.5  jiA  Ar  for  1 


Fig.  8-4 


formed  on  NiCr  alloy  after 


NiHyOx  + CrOx 

T1 

CrOx 

" 

t2 

NiCr 

SUBSTRATE 

respectively  (93) . 

According  to  the  model,  the  XPS  Hi{2p)  intensity  of  Hi  hydroxide 
(Nihyox)  from  outer  layer  can  be  written  as 

Iflihyox'0)  ” KNi’9’  ’ °Hi  * aHihyox  * CNihyox^x’ 

. exp  [-x/tQ,,.  sine)]  dx,  [8-1] 

and  the  intensity  of  metallic  Hi  (Hi)  from  substrate  as 


!jji  (®)  « Kjji  (e>  . oN . . j CNi(x)  . exp C-x/  (OjjjSine)  ] dx.  [8-21 
Mtl+t2) 


where  is  a combined  response  function  of  analyzer  and  excitation 
flux,  o^  is  the  photoionization  cross  section,  ^yiihyox  xs 
coverage  of  Hi  hydroxide  on  the  outer  oxide  layer,  0^  is  the  mean 
escape  depth  of  Hi(2p)  photoelectron  in  oxide  (assumed  constant  for 
hydroxide  and  all  oxides),  and  (x)  and  (x)  are  the  depth 

composition  functions  of  metallic  Ni  and  Hi  hydroxide,  respectively. 


Assuming  tt 


tie  depth  composition  functions. 
'Nihyox19’  and  'Hi'9’  “»  be  te< 


constants. 


Sihyox'91  ~ Si 161 


• ll-exp[-tj/(Qjj^sin0>3 1 , 


Si<e>  - Si'91 


Si  • sine 


ht2)/(SiS“9,l- 


layer  next  to  inner  oxide  is  completely  depleted  of  Cr,  there  is  only 


Therefore. 


assumption  of  con. 
reasonable. 


if  metallic  Hi . 

t metallic  Hi  composition,  c^, 

: is  also  the  reason  for  choosing 
er  than  using  Cr  signal  to  calculate  the  thickness  of 
r composition  can  be  changed  more  drastically  after 
n compared  to  Hi. 

Taking  the  ratio.  RCe).  of  IHihyox(0)  and  1^(0).  the  pre- 
exponential terms,  such  as  K^ie),  . 0^  and  sin0  are  cancelled. 


_Sihyox^91_  *Sy$Yox^_^_^Sih^ox*  ^ 


lexpt-Itj+tjl/fOujSine)] I . 

[«-5] 


Dividing  R(0)  by  R(85°) 
are  further  cancelled,  a 


,e  para"aters  like  Si-  Sihyox  aI 

he  resultant  equation,  A{0),  is 


R(©1  1 l-exp [-t^/fQj^sin©}]  i • exp-  (t^+tj)/  (1)^511185° ) 

R(85°)  Il-exp[-t1/(0(lisin85"))l  ■ exp- (tj+tj) /(()„. sine) . 

[8-6] 


A(0)  is  a function  of  tj,  t2  and  0 alone. 

the  peak  area  of  Ki  hydroxide  on  HiCr  is  only  .20%  of  that  of 


and  assuming  3 Hl>  of  NiO  on  pure  Ili,  the  thickness  of  Hi  hydroxide, 
t , , is  calculated  to  be  0.5  ML.  The  thickness  of  Ni  hydroxide  also 
can  be  estimated  from  Ar  sputtering.  According  to  the  condition  of 
sputtering,  tj  was  estimated  to  be  _1  ML  {94) . 

Setting  * 1 ML,  the  calculated  A(0>  curves  for  t^  = 1 ML  to  • 
ML  as  well  as  the  experimental  A(0)  ratios  are  shown  in  Fig. 8-5.  The 
experimental  A(0)'s  fit  the  calculated  curve  of  t,  = 4 ML  very  well 
at  take-off  angle  245°,  but  the  experimental  A(8)  values  gradually 
deviated  from  this  towards  the  curves  of  smaller  t2  values  as  take- 
off angle  decreased.  It  is  known  that  at  lower  take-off  angles  some 
factors  like  surface  roughness  tend  to  complicate  the  results  of 
ARXPS  (95.96) ■ Since  the  t2  value  is  consistently  fitted  to  4 ML  at 


s reasonable  to  conclude  t 


Fig.  8-5 


Experimental  A (0)  (see  text)  versus  take-off  angle.  The 
dashed  lines  are  calculated  based  on  equation  2Hj  in 
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TAKE-OFF  ANGLE  (DEGREE) 


calculated 


substrate 


take-off  angle.  This  percentage  is  reduced  very  quickly  as  take-off 


0=45°  and  55°,  respectively. 

If  the  effect  of  surface  roughness  is  small,  the  percentage  of 
metallic  Ni  in  t,  layer  should  be  able  to  be  obtained  from  equation 
[8-8]  and  [8-9] . Consider  the  existence  of  metallic  Ni  in  the  t^ 
layer,  equations  [8-5]  and  [8-6]  can  be  re-written  as 


ll-expl-tj/IOu-sinei]  I . l/lexpMtj+tjl/tQ^sine)] 

* r.expl-tj/fQjjj.sina))  * ll-expttj/tQjjjSine)]  I] , [8-8] 

and,  A'(0>  ■ R' (01/R' (85°).  [8-9] 


However,  the  experimental  data  c 
equation  [8-9],  particularly  at  15°. 
effects  can  not  be  neglected.  It  is  i 


ran  not  satisfactorily  fit 
suggesting  the  surface  roughness 
lot  surprising  to  find  a rough 

«iCr  surface  is  consisted  of  at 


As  a result  of  the  formation  of  the  oxide  layer,  the  metallic  Cr 


oxygen , 


metallic  Cr  peak  in  the  NiCr  spectrum  is  hardly  detectable,  while  a 
large  metallic  Cr  peak  is  seen  from  pure  Cr  (fig. 8-61 . The  much 
larger  extension  of  attenuation  of  the  Cr  metallic  peak  from  NiCr  as 
compared  to  pure  Cr  intuitively  suggests  that  the  oxide  layer  formed 
on  NiCr  alloy  is  perhaps  much  thicker  than  that  on  pure  Cr.  Using  the 
attenuation  intensity  equation  for  a homogenous  overlayer, 


[8-10] 


the  thickness,  t,  of  the  Cr  oxide  layer  on  pure  Cr  is  calculated  to 
be  -5.6  ML.  Previously  report  showed  4 ML  on  a similar  sputtered 
polycrystalline  pure  Cr  sample  1971 . similar  to  the  4 ML  of  Cr-O,  on 
NiCr  surface  reported  above.  These  calculated  oxide  thicknesses  show 
that  the  above  intuitive  explanation  for  the  observation  of  a small 
metallic  Cr  peak  from  oxidized  NiCr  Cr(2p)  spectrum  is  wrong.  Rather 
the  lack  of  this  peak  must  be  explained  by  the  existence  of  a 
depleted  metallic  Cr  region  (or  Ni  rich  region)  due  to  segregation  of 


Cr  atoms  from  deeper  layer  to  surface  reaction  product, 
of  the  Cr  depleted  layer  can  be  estimated  by  directly  substituting 
the  peak  areas  of  metallic  Cr{2p)  of  clean  and  oxidized  NiCr  alloy 
into  equation  [8-10] , and  a thickness  of  -11  ML  is  calculated  for  thi 
depleted  layer.  Considering  the  5 ML  oxide  layer  (Ni  hydroxide  ♦ Cr 
oxide) . the  metallic  Cr  depleted  layer  is  estimated  to  be  6 ML  thick 
as  compared  to  9 ML  estimated  by  conservation  of  atoms. 

The  model  for  NiCr  oxide  layer  deduced  from  ARXPS  results  is 


Fig.  8-6  Cr(2p)  XPS  spectra  at  8 = 45“  for  NiCr  alloy  and  pure 


depicted  in  Fig. 8-7.  As  it  shown,  the  outer  layer  U ML  thick)  is  a 
mixture  oC  Ni  hydroxide  and  Cr  oxide;  the  inner  oxide  layer  (4  ML 
thick)  is  mostly  Cr  oxide  with  small  amount  of  MiO  ( which  was 
concluded  from  chanter  6 and  neglected  in  the  above  analyses)  and 
possibly  some  metallic  Ni,  and  finally  a 6 ML  thick  metallic  Cr 
depleted  (Ni  rich)  layer  exists  above  NiCr  base  substrate.  The  sub- 
monolayer Ni  hydroxide  is  confined  in  the  outer  oxide  layer,  which 
probably  resulting  from  preferential  oxidation  of  Cr  at  early  oxygen 
exposure.  Since  after  Cr  oxide  is  formed,  only  limited  amount  of  Ni 
remains  in  the  surface  region.  In  addition,  the  presence  of  .6  ML 
thick  metallic  Cr  depleted  layer  suggests  the  mobilities  of  Cr  atoms 
and/or  0 atoms  are  not  as  small  as  expected  at  room  temperature.  The 
high  atomic  mobilities  probably  are  provided  by  the  large  heat 
released  during  the  formation  of  Cr  oxide. 

Comparison  With  Previous  Results 

It  is  interesting  to  compare  the  present  results  with  those 
obtained  by  other  methods.  The  AES  sputter  profile  of  oxidized  NiCr 
shown  in  Fig.8-3(a)  has  been  quantified  by  Sanz  and  Hofmann  194) 
using  a sequential  layer  sputtering  model.  The  composition  of  the 
oxide  film  was  deduced  as  shown  in  Fig. 8-8 (b)  (redrawn  from  194) ) . 
Consistent  with  the  present  study,  the  outer  monolayer  was  concluded 
to  be  a mixture  of  NiO  and  Cr,Oj,  while  the  inner  oxide  layer  was 
concluded  to  be  three  monolayers  of  Cr^O-g  for  a total  thickness  of  4 


monolayers,  which  is  slightly  different  from  the  present  ARXPS  study. 
The  other  differences  are  the  metallic  Hi  in  the  Cr^O^  layer  and  the 
Cr  depleted  region  in  substrate  as  detected  by  ARXPS.  In  general,  the 
bilayer  nature  of  the  oxide  is  confirmed  by  both  approaches. 


n summary,  the  o: 


oxygen 


complicated  model  for  the  oxide  structure  was  established.  The  outer 
one  monolayer  oxide  layer  is  a mixture  of  hi  hydroxide  and  Cr  oxide, 
and  the  inner  four  monolayer  oxide  layer  consisted  of  Cr.O,,  metallic 
Ni  and  small  amount  of  NiO . In  addition,  a layer  having  extra 


metallic  Ni  (depleted  of  Cr)  may  exist  in  the  substrate  region  next 
to  the  oxide  layer.  In  contrast  to  the  three  monolayer  NiO  formed  on 
the  pure  Ni  surface,  the  limited  formation  of  Ni  hydroxide  in  the 
first  oxide  monolayer  clearly  demonstrates  the  increase  of 


Fig.  8-7 


Schematic  of  the  model  derived  from  angle-resolved  XPS 
analysis  for  the  surface  of  NiCr  alloy  exposed  to  100  L 
0,  at  room  temperature. 
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Fig.  8-8 


Sequential  sputter  model;  (above):  Auger  peak  intensities 
versus  sputter  tine  Cor  Ni-20%Cr  alloy  exposed  to 
400  L 0,  at  room  temperature;  (below) : Quantitative 


NlO  + CrOx  , Tj 


CrOx  t2 


NlCR  substrate 


= 1 ML 


= 3 ML 


CHAPTER  9 

ELECTRON  STIMULATED  ION  DESORPTION  (ESID) 

Electron  Stimulated  Ion  Desorption  (ESID)  experiments  were 
performed  because  of  the  ability  and  sensitivity  of  the  technique 
detect  hydrogen  and  hydrogen  containing  species  at  solid  surfaces 


Jesuits 

The  ions  desorbed 

from  the  surfaces  of  Ni(llO)  and  NiCr(llO) 

after  300  L oxygen  expo 

are  plotted  with  a line 

ar  scale.  Ion  species,  such  as  1H*.  160+, 

ITqii*  an(i  19p*  (or  HjO* 

etc,  were  desorbed  from  oxidized  Ni (110) 

surfaces.  As  compared  t 

o Ni(llO).  the  ESID  spectrum  of  NiCr(llO)  had 

a much  larger  0+  emissi 

on  and  a negligible  OH  emission.  The 

intensities  of  H eniss 

ion  from  both  surfaces  were  roughly  equal.  F 
nant  ion  observed  in  ESID  experiments  due  to 

its  large  (10  - 10  * 

0 cm")  desorption  cross  section  (101) . Despite 

the  relatively  large  F 

signal,  the  real  fluorine  composition  at 

surface  was  probably  ve 

ry  small  (undetected  by  AES  or  XPS) . 
ssions  from  Hi(llO)  and  NiCr(llO)  surfaces 

monitored  in-situ  during  oxygen  exposure.  The  ion  yields  as 


is  normalized  to  the  H 

sure  are  depicted  in  Fig. 9-2.  The  OH  signal 

Fig.  9-1  ESD  mass  spectra  for  Hi (110)  and  HiCr(llO)  exposed  to  300 
L O,  at  room  temperature. 
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area  versus  oxygen  exposure  for  Hi (110)  and  NiCr(llO). 


OXYGEN  EXPOSURE 


. Following  a initial 
of  oxygen  exposure, 
ide  nucleated  on  the 
h further  oxygen 


rom  the  Mi  surface  starting  at 
e nucleation  and  growth  of  Mi 
also  observed  during  exposing 
use  the  oxidation  reaction 


pure  Ni  surface  can  be  divided  into  three 
rapid  increase  of  H intensity  in  the  fir: 
the  H intensity  decreased  continuously  ui 
surface  at  -20  L,  then  H signal  kept  ris: 
exposure.  H signal  did  not  rea 

-20  L seems  to  be  associated  with 

occurred  aore  rapidly  on  NiCr,  the  onset  of  the  second  increase  of  H 
emission  from  NiCr  surface  shifted  toward  lower  oxygen  exposure  as 

The  OH  emission  from  the  Hi  surface  can  also  be  divided  into 
three  stages.  A rapid  increase  of  signal  was  observed  in  the  first  5 
L.  After  that,  the  OH  signal  remained  relatively  constant  for  oxygen 
exposures  between  10  to  50  L,  unlike  the  drastic  changes  of  H 

finally  reached  a saturation  value  at  _120  L of  oxygen  exposure.  The 
OH  signal  from  NiCr  was  very  small,  and  consequently  no  signal  was 
monitored  during  oxygen  exposure. 


Desorption  of  0 


Knotek  and  Feibelman  (KF)  11021  have  proposed  a model  of  ESID, 
which  is  based  on  the  Auger  decay  of  core  hole  created  by  electron 


metal  oxide,  T 
! desorption  of 


2 or  3 electrons 

desorption  of  0 
compounds  such  a: 
desorption  of  ox) 
compounds,  that  J 


of  a Ti  3p  core  hole  followed  by  an  Auger  decay 
valence  electrons  are  completely  transferred  to 
> in  a nobel  gas  configuration),  the  dominant 

an  0 ^ ion.  The  resultant  positive  ions  of  Ti+^ 
Cher  coulombically  resulting  in  an  electron 
. As  a result,  the  so  called  maximal-valency 
^ , V?Oj  and  VOj  are  expected  to  have  strong 
On  the  other  hand,  submaximal-valency 

jle  gas  configuration,  like  MiO  and  Cr20. , are  expected  to 
smaller  0 yield  than  maximal-valency  oxides,  since  the 

longer  the  dominant  deexcitation 

Redhead  (HGR)  model  (103,104)  do  not  adequately  explain  how  an  0 ' 
ion  loses  3 electrons  to  desorb  as  an  0 ion  and  why  a threshold  in 
the  0+  ion  yield  appears  at  a primary  beam  energy  which  excites  the 
Ti  3p  level  even  though  it  is  not  directly  involved  in  bonding. 

Desorptions  of  oxygen  from  NiO  and  CrjO^  compounds  are  not 
favored  by  the  model  of  Knotek  and  Feibelman,  but  substantial  0 
desorptions  have  been  observed  experimentally  on  room  temperature 
oxidised  Hi  (105-109)  and  Cr  (106,110-117)  surfaces.  Though  KF  model 


oxides  (102) . 


! data  iron  nearly  de£ect-free  single  crystal 
experimental  results  suggest  that  KF  model  is  no 
channel  Cor  the  desorption  of  oxygen  from 
metal  surfaces  oxidized  at  room  temperature,  and  other  types  of 
excitation  and  decay  processes  may  be  responsible  for.  For  example, 
Verhoeven  and  co-workers  (108)  suggested  that  the  desorption  of 
positive  oxygen  ions  from  room  temperature  oxidized  Ni  surface  can 
be  resulted  from  multiple  excitations  in  which  the  O 2s  inner  shell 
is  involved.  Dawson  and  co-workers  (110)  also  found  0 desorption 
from  oxidized  Cr  surface  with  primary  electrons  whose  energies  were 
near  the  0 2s  core  level  rather  than  Cr  3p  core  level  suggested  by  K 


In  conjunction  with  the  chemical  information  obtained  by  ARXPS 
results,  the  ISS  data  indicates  that  both  Mi  hydroxide  and  Cr  oxide 
were  present  on  the  oxidized  NiCr  surface.  Because  of  the  high  re- 
neutralization probabilities  for  the  ions  produced  in  the  sub- 
surface, the  low-energy  ions  emitted  by  ESID  are  expected  to 
originate  only  from  the  top  monolayer  of  the  surface,  similar  to  ISS 
(98.100) ■ Therefore,  the  Cr,0,  and  Mi  hydroxide  on  the  oxidized  NiCr 
surface  could  both  be  responsible  for  the  0 desorption  signal.  No 
ESID  results  were  ever  reported  on  Mi  hydroxide,  but  strong  0 
emission  from  Cr  surface  oxidized  at  room  temperature  has  been 
reported  (lQd.110-117) . It  is  impossible  to  conclude  which  compound 
is  the  source  of  strong  0*  emission  from  the  present  data.  Possible 


further  work  would  be  to  measure  threshold  energies  or  energy 
analysis  of  desorbing  ions. 


Oxidized  NiCr  surface  had  a much  smaller  (OH) 
oxidized  Ni  surface.  Because  XPS  O(ls)  spectra  did  not 
large  difference  in  the  amount  of  (OH)  on  oxidized  Ni 
possibility  of  different  (OH)  desorption  signals  due  t 
population  of  (OH)  species  at  Ni  and  NiCr  surfaces  car 
It  is  necessary  to  explain  the  difference  in  the  (OH) 


excluded 


terms  of  the  different  bonding  conditions 


arrangements  o: 


hydroxyl  groups  between  the  two  surfaces. 


Knotek  and  co-workers  (102.119-121)  have  studied  in  detail  tl 
OH  and  H desorptions  from  adsorbed  surface  (OH)  groups  on  TiO^ 
where  adsorbs  at  surface  Ti  ion  site  via  its  0 atom.  By 
measuring  ion  yields  as  a function  of  incident  electron  energy,  t: 
found  that  the  threshold  energy  for  desorption  of  OH  coincides  w: 
the  0(2s)  core  level.  They  pointed  out  that  since  the  adsorbed  (o: 


change  to  (0H)+*  requires  the  transfer  of  only  two  electrons. 
Therefore  an  0(2s)  core  hole  followed  by  an  intratomic  Auger  decay 


145 

can  yield  an  OH  ion  for  desorption.  This  is  different  from  the 
desorption  of  0 ion  which  requires  removal  of  three  electrons  by 
creation  of  a Ti(3p)  core  hole  and  followed  by  an  interatomic  Auger 
decay.  Knotek  (121)  further  reported  that  the  major  threshold  energy 
for  H in  the  presence  of  adsorbed  (OH)  is  also  at  the  0(2s)  level. 
Knotek  explained  that  the  yield  of  H from  O-H  depends  upon  the 
stability  of  the  bond  between  0 and  H.  Decay  of  an  0(2s)  level  can 
either  fragment  the  OH  by  removing  two  electrons  from  the  a-orbital 
yielding  an  H*  desorption,  or  remove  two  electrons  from  orbitals 
other  than  the  o-orbitals  yielding  a stable  OH  desorption.  It  is 
noteworthy  that  the  metal  atom  is  not  involved  in  Knotek 's  model  for 
the  desorptions  of  OH  and  H from  adsorbed  surface  OH  group,  and  the 
ESID  of  H+  and  0H+  from  adsorbed  OH  are  determined  only  by  O-H  bond 
itself.  Consequently,  Knotek 's  model  nay  also  be  applicable  to  the 
Hi  and  NiCr  surfaces. 

B.  Desorption  of  H 

For  TiO,,  not  all  the  H*  are  desorbed  from  adsorbed  surface 
hydroxyl.  Knotek  found  that  H can  also  be  desorbed  from  the  hydrogen 
bonded  to  surface  Ti  [120.1211.  This  Ti  - H hydride  type  bond  was 
also  deduced  from  a combined  XPS,  EELS,  TDS,  electron  paramagnetic 
resonance,  surface  conductivity  and  work  function  meaurement  studies 
by  Gopel  et  al.  on  TiO,  (110)  (122) ■ In  addition,  from  both  ESID  and 
photon-stimulated  ion  desorption  (PSID)  results  (119-121) . Knotek 
found  that  hydrogen  can  be  bonded  to  a subsurface  (or  bridge- 


bonded)  oxygen  in  a hydroxyl-like  bond.  The  creation  of  an  0(2s)  hole 
will  cause  desorption  of  a H but  not  an  OH  . 


In-situ  Measurement  of  H and  OH  on  Pure  HitllO) 

The  change  of  H yield  as  a function  of  oxygen 
in  this  study  is  commonly  observed  during  oxidation 
The  major  residual  gas  in  the  UHV  chamber  at  10  ^ T 


hydrogen.  After  the  sputter/clean  procedure,  during  cooling  the 
annealed  Hi  surface  was  exposed  to  _ 0.3  L of  hydrogen  at  300  °K,  and 
a substantial  amount  of  hydrogen  could  adsorb  on  the  "clean"  annealed 
Hi  surface  and  form  H - Hi  bond.  Because  only  an  extremely  small  H 
signal  was  observed  from  a hydrogen  dosed  surface  before  any  surface 
oxygen  could  be  detected  by  AES,  the  emission  of  H is  definitely 
associated  to  the  presence  of  surface  oxygen  in  agreement  with  the 
conclusions  of  other  authors  (123-128) . 

emission  could  be  mainly  from  H-Ni  bond.  The  increased  yield  of  H 
from  H-Ni  bond  may  be  due  to  the  weakened  H-Hi  bonds  through  an 
interaction  between  0 and  Hi  (127)  or  the  decreased  neutralization 
effect.  The  subsequent  decrease  followed  by  an  increase  of  the  H 
signal  with  further  oxygen  exposure  can  be  a net  results  of 
displacement  of  adsorbed  H by  0 and  the  increase  of  OH  bonds.  It  is 
interesting  to  note  that  Benninghoven  and  co-workers  (130)  found  an 


;.  Madey,  private 


»■*«*  "•/»,* 


In  sumaary,  it  has  been  found  that  adsorbed  (OH)  exists 
surface  of  oxidized  Ni  surface,  and  Hi  hydroxide  exists  on 
oxidized  NiCr  surface  (chanter  6) . The  ESID  results  support 
existence  of  (OH)  groups  on  both  surfaces.  The  different  H 
desorptions  behaviors  on  oxidized  Hi  and  WiCr  surfaces  may  be 
understood  in  terns  of  the  different  (OH)  and  H bonds  on  the 


CHAPTER  10 

FORMATION  OF  (OH)  SPECIES 
Introduction 


the  oxidized  Ni  surface  during  oxygen  exposure.  As  discussed 
previously,  because  of  the  controversy  about  the  assignment  of  high 
B.E.  0(ls)  peak  and/or  insufficient  analysis  of  oxygen  gas  purity, 
the  existence  of  (OH)  species  has  been  ignored  by  most  authors 


presence  of  (OH)  species  on  the  Ni  surface  during  oxygen  exposure  in 
the  UHV  chamber  (68.75.134.135). 

For  example,  Bourgeois  and  Perdereau  (134,135)  have  studied  the 
formation  of  hydroxyl  species  on  Ni(10O)  and  (110)  by  static  SIMS. 
Different  hydrogen-containing  cluster  ions,  which  were  correlated  to 
the  extent  of  the  oxidation  reaction  and  formation  of  hydroxyl 
species,  have  been  observed.  The  conclusions  from  their  studies  are 
as  followings:  (1)  During  the  oxygen  chemisorption  stage,  the  most 
intense  hydrogen  containing  ionic  intensity  was  NiOH  . Both  Ni.H  and 


The  Oils)  spectra  after  300  L of  oxygen  and  oxygen  - water 
mixture  exposure  are  compared  in  Fig. 10-1.  The  hydroxyl  component  of 
0(ls)  spectrum  is  larger  for  water  - oxygen  mixture  exposed  surface 
than  for  oxygen  exposed  surface,  indicating  the  amount  of  surface 

However,  it  was  noticed  that  other  impurity  gases  were  also  present 

The  O(ls)  spectra  of  both  Ar  sputtered  and  annealed  Mi {110) 

B.S.  Oils)  peak  for  the  sputtered  surface  is  twice  or  large  as  that 
for  the  annealed  surface.  This  suggests  that  sputtering  could  have 
important  effects  on  the  formation  of  hydroxyl  species. 


Four  possible  sources  for  the  formation  of  hydroxyl  species  are 
considered,  namely  the  hydrogen  and  water  in  the  UHV  chamber  and  the 
subsurface  hydrogen  either  implanted  during  sputter  cleaning 
procedure  or  incorporated  during  sample  preparation. 

A.  UHV  Hydrogen 

According  to  the  RGA  analyses  in  chapter  2.  hydrogen  is  the 
most  abundant  residual  gas  (59.2%),  while  water  is  only  in  minor 
amount  (0.54%).  Because  of  the  large  amount  of  (OH)  on  the  oxidi2ed 
Mi  surface  (about  20%  of  the  total  Oils)  area  at  45°  take-off  angle), 


Fig. 


at  0 = 15°  for  Ni (110)  (a)  exposed  to  300 
5 x 10  Torr  and  (b)  exposed  to  300  L 


Fig.  10-2  Oils)  XP5  spectra  at  9 = 45°  lot  (a)  sputtered 

uaannealed  and  ib)  well  annealed  Ni(llO);  both  exposed 


156 


BINDING  ENERGY  (EV) 


Hater  apparently  can  not  be  the  major  source  for  formation  of  (OH)  in 
the  present  case.  After  examining  other  hydrogen  containing  gases 
like  CH.,  hydrogen  appears  to  be  a most  possible  source  for  (OH) 

reactivity. 


Senninghoven  et  al.  (136)  have  used  static  SIMS  to  study  the 
interactions  betveen  oxygen  and  hydrogen  on  an  annealed 
polycrystalline  Hi  surface  at  room  temperature.  They  found  that 
oxygen  exposure  of  a hydrogen  covered  surface  only  results  in  a 
removal  of  the  hydrogen  adsorption  layer  accompanied  by  the  usual 
oxygen  incorporation  into  the  surface.  On  the  other  hand,  hydrogen 
exposure  of  nickel  surfaces  covered  by  various  amounts  of  oxygen 
results  in  the  formation  of  OH  groups  on  the  surface. 

To  simulate  the  experiments  of  Benninghoven  et  al.,  Hi  surface 
were  exposed  to  50  L of  hydrogen  after  1 L (chemisorption  region)  a 
300  L (HiO  covered  surface)  of  oxygen  exposure,  respectively.  Ho 

surfaces.  It  Has  found  the  O(ls)  peak  areas  of  the  (OH)  species 


already  present  on  the  surface  after  oxygen  exposures  were 
affected  by  the  subsequent  hydrogen  exposure.  These  result 
resemble  the  results  reported  by  Benninghoven,  which  shows 

the  discrepancy  may  be  explained  by  the  very  small  amount 


the  starting  oxidized  Hi  surface  used  in  the  experiments  of 
Benninghoven  et  al.  (judged  from  the  very  low  (OH)  secondary 


intensity  before  hydrogen  exposure) , and  their  "clean"  (containing 
less  hydroxyl)  oxidized  Ni  could  be  more  reactive  to  hydrogen  than 
the  hydroxyl  covered  oxidized  surface. 

Though  exposure  of  hydrogen  alone  has  negligible  effect  on  the 
amount  of  (OH)  already  present  on  the  oxidized  surface  in  the 
present  study,  the  intensity  of  ESID  OH*  signal  and  XPS  Oils)  high 
B.E.  peak  on  Ni(llO)  were  continuously  increased  even  after  the 
entire  surface  was  covered  by  NiO  at  an  oxygen  exposure  a SOL  as 
shown  in  Fig. 9-2.  In  the  present  study,  the  oxygen  exposure  is 
really  a mixture  exposure  of  oxygen  and  hydrogen  (P„^  : PH_  * 2 : 1) 
This  suggests  that  mixtures  of  hydrogen  and  oxygen  gases  are 
essential  to  the  continuous  formation  of  (OH)  during  oxygen  exposure 


Besides  hydrogen  gas,  water  usually  is  one  of  the  major 
hydrogen  containing  residual  gas  in  the  most  of  UHV  chambers.  It  is 
known  that  water  alone  has  a very  low  sticking  coefficient  to  both 
clean  Ni  and  NiO  of  low  surface  defect  density  at  room  temperature. 
However,  it  was  reported  that  the  dissociation  of  H^O  on  clean 
Ni(llO)  can  be  promoted  by  surface  oxygen  (137-141) . and  can  also  be 
enhanced  by  "non-lattice"  oxygen  on  defective  NiO  (142.143) . 

Hydroxyl  species  can  be  produced  by  the  adsorption  of  H?o  on 
oxygen  pre-dosed  Ni  surface  through  the  reaction  (144) 


2(0H). 


H2°ga5  * 1/2  °ads  2(081  ads’  ' 


However,  the  results  of  mixture  exposure  of  water  and  oxygen  can 
be  quite  different  from  that  of  sequential  exposure  to  oxygen  then 

in  Fig. 10-1.  the  mixture  of  water  and  oxygen  did  produce  substantial 

addition,  it  was  also  observed  that  the  areas  of  XPS  Oils)  high  B.E. 
peaks  on  Hi  (110)  were  increased  even  after  the  entire  surface  was 
covered  by  NiO  similar  to  the  result  of  oxygen-hydrogen  exposure. 

This  again  suggests  that  the  mixture  exposure  of  either  oxygen-water 
or  oxygen-hydrogen  is  necessary  for  the  formation  of  (OH)  on  Hi 
surface,  particularly  at  high  oxygen  coverage. 

Though  significant  increase  of  water  content  (three  orders  of 
magnitude  higher  than  "pure"  oxygen  exposure)  occurred  for  the 
exposures  of  water-oxygen  mixture,  as  shown  in  Fig. 10-1  the  peak  area 
of  adsorbed  (OH)  on  oxygen-water  exposed  Hi  surface  is  only  slightly 
(.  25%)  larger  than  "pure"  oxygen  exposed  surface.  This  indicates 
that  the  formation  of  (OH)  is  not  very  sensitive  to  the  partial 
pressure  of  water  in  the  UHV  (10  * to  10  7 Torr).  It  appears  that 
the  amount  of  (OH)  on  the  surface  is  determined  by  some  limiting 
factors  like  the  availability  of  the  sites  for  the  dissociation  of 


C.  Subsurface  Hydrogen 

By  analogy  to  surface  segregation  and  chemisorption  (145) . 
oxygen  may  react  with  the  hydrogen  from  either  the  vacuum  or  the 


have  an  effect  on  the  formation  of  (OH).  Asbury  et  al.  (146) 
reported  that  the  adsorption  of  oxygen  on  a polycrystalline  Zr 
attracts  bulk  hydrogen  forming  a hydroxylated  surface  oxide  layer. 

In  general,  bulk  dissolution  of  hydrogen  does  not  occur  in  Hi 
(147) . But  the  existence  of  a subsurface  hydrogen  B , state  on 
Ni(llO),  whose  desorption  peak  was  centered  at  _435°K  in  the  thermal 
desorption  spectrum,  was  reported  by  Barrington  et  al.  (148) . For  an 
exposure  as  high  as  750  L (0.1  Pa.s)  of  D„  during  slow  cooldown  from 
520°X  to  170°K,  the  fi ^ state  saturated  only  at  .0.06  ML.  Though 
subsurface  hydrogen  is  atomic  and  expected  to  be  able  to  react  with 
oxygen  readily  to  form  (OH) , it  is  not  expected  to  have  significant 
effects  on  the  formation  of  (OH)  because  of  its  extremely  small 
coverage . 


sputtered 


high  B.E.  0 ( Is ) peak  on  the  sputtered  surface  is  twice  or  large  as 
that  on  the  annealed  surface.  Norton  et  al.  (149)  have  observed 
similar  results  on  Ni{100),  and  they  attributed  the  enhanced  high 
B.E.  Oils)  peak  solely  to  defective  oxide.  As  discussed  before,  no 
convincing  evidence  supports  the  existence  of  the  defective  oxide  on 
room  temperature  oxidized  Ni  surface.  The  enhancement  of  the  high 


to  the  reaction  of  oxygen  with 


attributed 


hydrogen  implanted  during 


substantial 


the  sputtering  process,  since  a 
amount  of  hydrogen,  which  can  serve  as  an  atomic  hydrogen  reservoir, 
can  be  retained  in  the  substrate  after  sputtering. 

However,  it  is  expected  that  implanted  hydrogen  will  be  removed 
by  annealing  the  substrate  to  a sufficiently  high  temperature,  and 
consequently  a lower  amount  of  (OB)  will  be  formed  on  the  annealed 
surface  as  compared  to  the  sputtered  one  as  shown  in  Fig.  10-2.  Based 
on  the  attenuated  intensity  for  a homogenous  overlayer, 


and  using  the  metallic  Mi  peak  areas  of  both  clean  and  oxidized  Ni 
surfaces,  the  thickness  of  "oxide  overlayer"  on  sputtered  surface  is 
calculated  to  be  about  1 Mb  thicker  than  that  on  annealed  surface. 

The  increased  overlayer  thickness  is  attributed  to  the  larger  amount 
of  adsorbed  (OH)  formed  on  sputtered  surface,  since  the  peak  areas  of 
Oils)  of  Hi  oxide  are  about  the  same  for  both  sputtered  and  annealed 

As  reported  before,  it  was  also  noted  that  the  adsorption  of 
oxygen  on  Hi  can  be  accelerated  by  Ar  sputtering.  The  acceleration 
has  been  attributed  to  the  increase  of  surface  defects  (54.64) . These 
surface  defects  may  also  have  effects  on  the  formation  of  hydroxyl, 
but  it  is  not  possible  to  separate  the  effects  of  surface  defect  from 
that  of  implanted  hydrogen  in  the  present  study.  Possible  future  work 
would  be  to  implant  deuterium  into  Hi. 


Strong  orientation  effects  have  been  reported  for  adsorption 
water  on  Ni  surface.  Hater  was  found  not  to  be  dissociated  on  eitt 
clean  or  oxygen  dosed  Hi (111)  (1S1-152) ■ while  dissociation  of  wat 
could  be  enhanced  by  the  presence  of  surface  oxygen  on  Hi (110)  (13 
141) . It  is  worth  commenting  on  the  effects  of  Hi  substrate 
orientation  on  the  formation  of  (OH)  during  oxidation. 

From  the  published  results  (149.153.154) , it  is  found  that 
after  oxygen  exposures  (OH)  groups  are  present  on  the  (100),  (110) 
and  (111)  as  well  as  the  polycrystalline  Hi  surfaces.  The  amounts 
(OH)  on  Hi  surfaces  of  different  orientations  were  about  equal,  but 
slightly  larger  amount  of  (OH)  on  Hi (100)  has  been  reported  (149) . 
The  strong  effect  of  crystal  orientation  on  adsorption  of  water  was 
totally  not  observed  in  the  formation  of  (OH)  on  Hi  during  oxygen 


Thermodynamic  Factors  for  (OH)  Formation 


The  XPS  0(ls)  spectra  of  Hi,  HiCr  and  Cr  surfaces  after  300  L 
oxygen  exposure  at  room  temperature  are  compared  in  Fiq.10-3.  The 


formation  of  both  hydroxyl  species  and  oxide  on  surfaces.  While  the 
O(ls)  spectrum  of  oxidized  Cr  exhibits  only  one  oxide  peak,  and  no 
hydroxyl  species  is  observed.  This  is  consistent  with  the  previous 
observation  that  only  one  oxidation  product  Cr.O,  is  formed  on  the 
surface  of  Cr  oxidized  in  UHV  chamber  at  room  temperature  (155-151) . 


Calculation  of  Enthalpy  Changes 

Thiel  and  Madey  (144)  have  adopted  an  analysis  which  Has 
previously  used  by  Benziger  (158)  for  the  adsorption  of  diatomic 
molecules  at  metal  surfaces.  Thiel  et  al.  calculated  the  enthalpy 
changes  in  adsorption  and  dissociation  of  water  on  solid  surfaces 
based  upon  heats  of  formation  of  bulk  oxides  and  hydroxides,  but  no 
coverage  effects  and  entropy  contributions  to  free  energies  were 
considered  in  the  calculation.  The  thermodynamic  predictions  for  the 
water  adsorption  reactions,  like 


(molecular  adsorption) 


(complete  dissociative  adsorption) 


and  (*2^(g)  * 0H(a)  + **(a).  (partial  dissociative  adsorption) 

generally  agree  well  with  the  experimental  results.  As  shown  in 
fig. 10-4,  the  enthalpies  involved  in  adsorption  and  dissociation 


Fig.  10-3  O(ls)  spectra  at  9 = 45°  tor  polycrystalline  pure  Hi, 
pure  Cr  and  NiCr  alloy  exposed  to  300  L 0,. 


B.E.  (EV) 


Enthalpy  changes  which  accompany  adsorption  and 
dissociation  of  water,  referenced  to  gas-phase 
molecular  hydrogen  and  oxygen. 


>Hf(H20g> 

■ 243  KJ/mole 


A Hm  = 50kJ/mole 

^2^ 


illustrated  by 


lie  hydrogen 


dissociated  products. 

During  oxygen  exposure,  several  reactions 

hydroxyl  species  and  other  species.  These  react 


metal  (Hi,  Cr 
formation  of 


[10-2] 


[10-3] 


[10-4] 

[10-5] 


S2°(g) 


2 "(a)  * °(a) ' 
0H (a)  + "(a)’ 


The  enthalpy  changes  for  reactions  [10-2]  to  [10-7]  are 
calculated  following  the  same  treatment  of  Thiel  et  al.  (1441 . As 
shown  in  Fig. 10-4  all  the  energies  involved  in  the  calculation  are 
referenced  to  the  level  of  gas-phase  molecular  hydrogen  and  oxygen. 
Because  the  heat  of  formation  of  water  is  known  to  be  -243  kJ/mole, 
the  enthalpy  changes  for  the  reactions  [10-4]  and  [10-5]  can  be 
obtained  by  simply  adding  -243  kJ/mole  to  those  for  the  reactions 
[10-6]  and  [10-7] . The  calculated  enthalpy  changes  for  the  reactions 

the  same  reactants,  the 


producing 


compared 


no 

. i.e.,  (8Hj  - 5H3I,  (oH4  - SH5)  and  <5Hg 


e calculated  enthalpy  changes  i: 


“(a) 


are  more  thermodynamically  favored  to  form  on  Cr  surface  than  OH 
Also  because  the  bonding  energy  of  Cr-0  (—383  kJ/mole)  is  larger 
that  of  Cr-OH  (-356  kJ/mole)  and  Cr-H  (-92  kJ/mole) , Cr  oxide  is 
expected  to  be  the  most  stable  product  formed  on  Cr  surface  even 
the  mixture  of  oxygen  and  hydrogen  (or  water)  in  agreement  with 
experimental  observation. 

Based  upon  the  calculated  enthalpy  changes  for  Hi  in  Table 
the  driving  forces  for  forming  OH^  are  smaller  than  those  for 
forming  H(a)  ♦ 0(>) , and  H(a,  * 0(a)  also  appear  to  be  more 
thermodynamically  favored  to  form  on  the  Hi  surface  than  OHjaj . 
contrast  to  the  case  of  pure  Cr,  this  thermodynamic  prediction 
not  agree  with  the  experimental  observation  which  shows  that  both 
and  0 are  present  on  the  oxidized  Hi  surface. 


difference 


the  calculated  driving  forces  for  forming  (H,aj  + 0.aj)  and  OH.  j 
Ni  is  such  smaller.  For  example,  IS8-  - 5Hj)  is  only  -80  kJ/mole 
Hi  while  that  is  -238  kJ/mole  for  Cr.  The  smaller  difference  in 
calculated  enthalpy  changes  probably  suggests  that  Hi  exists  on 
"broadline",  i.e.,  within  the  limits  of  the  uncertainty  of  this 


[10-2]  to  [10-7] 


H£(H-0),  (159) 
H( (M-H) , (159) 
H. (M-OH) , (159) 


*•*  ssvsfis 


Fig.  10-5  O(ls)  and  NiUp^)  xps  spectra  at  0 - 15°  for  Ni(llO) 
exposed  to  (a)  air  for  S minutes  and  (b>  300  L O*. 
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Though  the  affinities  of  Hi  to  both  C 
found  that  (OH)  is  an  adsorbed  species  ra' 
300  L oxidized  Hi  surface  as  concluded  frr 
(160)  has  suggested  that  the  nucleation  o: 


n hydroxide  on  the 
er  6 and  9.  Holloway 
t of  chemisorbed 


oxygen  is  thermodynamically  driven  by  surface  phase  transformation 

Benndorf  et  al.  (161)  found  that  NiO  nucleates  at  about  0.66  ML 
oxygen  coverage  on  Hi (110)  at  room  temperature.  By  analogy  to  the 
nucleation  of  Hi  oxide  on  Hi  surface.  Hi  hydroxide  is  expected  not  ti 
form  until  a substantial  concentration  of  OH  is  present  on  the 


layer  of  the  300  L oxidized  Mi.  If  the  thickness  of  HiO  is  assumed  to 
be  three  monolayers,  the  coverage  of  surface  OH  is  estimated  to  be 
about  0.3  ± 0.1  ML  from  the  peak  areas  of  hydroxyl  and  oxide 
components  in  the  O(ls)  spectra  using  the  following  equation, 


r0H  ' *0  = iaOH  tl-exp <-l/Q0sinO) 1 1 / ICQ  [l-exp(-3/Q0sinO) ] I . [10-81 

where  I.  is  the  peak  area  for  OH  or  0,  oQH  is  the  coverage  of  (OH) 
of  0 in  HiO.  The  coverage  of  OH  is  also 


the  composition 


hydrogen  is  as  high  as  59%  of  tha 
:overage  of  adsorbed  OH  suggests  t' 
»y  some  kinetic  factors,  such  as  tl 


oxygen  coverage  of  about  0. 

Though  the  pressure  of 
admitted  oxygen,  the  small 
formation  of  OH  is  limited 
sticking  coefficients  of  hydrogen  and  oxygen.  The  sticking 
coefficient  of  oxygen  on  clean  Hi  surface  is  close  to  1,  while  that 
of  hydrogen  is  only  about  0.2  or  less  11621 ■ Because  both  hydroxide 
and  oxide  are  the  competing  products  during  oxygen  exposure,  and  also 
because  the  thermodynamic  driving  forces  for  hydroxide  and  oxide  can 
be  close  (the  bond  energies  of  Hi-0  and  Ni-OH  are  close),  the  surface 
H and  0 are  the  key  factors  to  determine  which 


compound  to  f< 
experiment,  s 


6 during  the 


e listed  in  Table  10- 


2.  Air  Exposure 

The  major  components  of  atmospheric  a: 

2.  Water  generally  is  the  third  most  abundant  o 

humidity  of  50%  at  20°C  is  equivalent  to  8.75  Torr  of  water.  As 
in  Fig. 10-5.  the  different  oxidation  results  for  air-exposure  a 
L suggest  that  the  pressure  of  water  is  important,  since  the 


Table  10-2,  Components  of  Atmospheric  Air,  (from  ref. (22)). 


Constituent  Pressure  (Torr) 


HjO  (at  50%  relative  humidity  and  20°C) 


adsorption  or  even  condensation  of  water  can  occur  on  surface  at  such 
large  pressure.  The  large  amount  of  water  at  surface  probably  makes 


corrosion.  Consequently,  the  amount  of  (OH)  on  air-exposed  Hi  surface 
is  larger  (by  at  least  a factor  of  five)  than  that  on  300  L exposed 
Ni  surface,  following  the  previous  discussion,  because  the  coverage 
of  OH  is  large  on  air-exposed  Ni  surface,  Ni  hydroxide  is  expected  to 
form  in  agreement  with  the  experimental  data. 


Unlike  pure  Ni,  Hi  hydroxide  is  formed  on  flier  surface  even  in 

Cr  modifies  the  mechanism  for  the  formation  of  OH  on  NiCr  surface.  As 
discussed  before,  the  relative  density  of  OH  to  0 on  Ni  surface  is 
important  for  the  formation  of  Ni  hydroxide.  To  assist  the  formation 
of  Ni  hydroxide  on  NiCr  surface,  the  function  of  Cr  addition  must  be 
to  increase  the  density  of  OH  on  Hi  site. 

The  preferential  oxidation  of  Cr  in  NiCr  alloy  can  be  quite 
important  for  the  formation  of  Hi  hydroxide.  Because  the  heat  of 
formation  of  Cr^O^  {756  kJ/mole)  is  much  larger  than  that  of  NiO  {437 
kJ/mole),  Cr  in  NiCr  alloy  surface  may  act  as  a getter  site  for 
oxygen,  and  the  oxygen  initially  dissociated  at  Ni  site  can  be 
attracted  to  Cr  site  to  form  Cr.Oj.  The  strong  segregation  of  Cr  as 
shown  in  chapter  8 suggests  that  the  mobilities  of  atoms  on  NiCr 
surface  can  be  quite  high  during  oxidation,  and  the  mobility  of 
oxygen  can  be  provided  by  the  large  heat  released  by  the  formation  of 
Cr„0,.  Compared  to  Hi,  OH  is  not  favored  to  bond  to  Cr.  so  that  OH 
can  remain  at  Ni  site  vhile  0 moves  to  Cr  site.  As  a consequence. 

and  Ni  hydroxide  instead  of  NiO  is  expected  to  form. 

Another  possibility  for  increasing  OH  concentration  at  Ni  site 
is  to  increase  the  sticking  coefficient  or  dissociation  of  hydrogen 
on  Ni  by  addition  of  Cr.  However,  the  OH  concentration  ii 


expected  to  be  small,  since  the  bond  energy  tor  Cr-H  (-92  M/mole)  is 
only  slightly  larger  than  that  of  Hi-H  (-48  kJ/mole) . 


addition  o: 
example,  Fi 


Hi-based  alloys,  the  effects  of  tht 


s preferentially  oxidized  a* 
than  Hi  in  NiFe  alloy  (163).  and  Fe  also 
than  OH  as  compared  to  Hi  (Table  10-1) . 

24%Fe  (100)  alloy  has  been  studied  by  Br 

Has  Hi  hydroxide  not  HiO,  similar  to  the 
suggests  that  the  formation  of  Hi  hydroxide  on  HiCr  is  not  due  to 
some  particular  conditions  in  this  study,  lihe  the  high  hydrogen 
pressure  or  the  use  of  sputtered  polycrystalline  or  (110)  face  single 

alloys  with  the  elements  like  Cr  and  Fe. 


.oner  oxygen  exposure 

annealed  Hi- 
11631.  From 
iction  product 


In  summary,  four  different  sources  for  the  formation  of  (OH)  in 
the  (JHV  condition  are  investigated.  It  is  found  that  UHV  hydrogen 

(OH)  in  the  present  study.  Equilibrium  subsurface  hydrogen  is 
expected  to  have  little  effects  on  formation  of  (OH) , while  implanted 
subsurface  hydrogen  could  contribute  substantially  on  sputtered 
in  the  oxidation  products  on  sputtered  and 


surface.  Difference 


annealed  Mi  surfaces  are  attributed  to  implanted  hydrogen. 

Hydrogen  or  vater  exposure  alone  does  not  change  the  amount  of 


(OH)  present  on  the  Ni  surface.  The  exposure  of 
and  hydrogen  gases  is  essential  to  continuous  f 
Only  Cr  oxide  is  found  on  the  oxidized  Cr 
oxide  and  hydroxyl  species  are  found  on  the  oxi 
enthalpy  changes  of  several  reactions  regarding 


mixtures  of  oxygen 


surface,  vhile  both 
the  formation  of  OH. 


0 and  H on  Ni  and  Cr  surfaces  are  calculated  using  heats  of 
formation  of  bull  hydroxide  and  oxide.  The  calculated  results 


It  is  found  that  NiO  is  on  the  300  L oxidized  Ni  surface,  and 
Ni  hydroxide  is  on  both  air-exposed  Ni  and  300  L oxidized  NiCr 
surfaces.  Based  on  the  OH/O  concentration  ratio,  a model  is  proposed 
to  explain  the  experimental  observation.  The  addition  of  Cr  to  Hi  may 
significantly  increase  the  0H/0  ratio  in  Ni  site,  and  may  result  in 
the  formation  of  Ni  hydroxide  instead  of  NiO  on  NiCr  surface. 


CHAPTER  11 
CONCLUSIONS 


The  studies  of  oxidation 
have  led  to  the  following  conclusions: 

1.  Hi  segregates  preferentially  t 

can  he  used  to  correctly  predict  the  segregating  species. 

2.  The  subsurface  region  of  Ni-Cr  alloy  is  depleted 

caused  by  the  surface  segregation  of  Ni  and  t 
diffusion.  Vhile  the  subsurface  region  of  roc 
Ni-Cr  alloy  is  depleted  of  Cr.  The  diffusion 
nay  not  be  sufficiently  large,  so  that  surfac 
fully  occur  to  deplete  Ni.  The  depletion  of  C 
the  larger  cascade  sputtering  yield  of  Cr  compare: 

1.  Substantial  amounts  of  hydroxyl  species 
oxidized  Ni  and  oxidized  NiCr  alloy  surfaces, 
in  the  UHV,  hydrogen  is  the  most  abundant  H-< 
while  water  is  only  in  minor  amount.  The  hydrogen 


ie  surface  of  atomically 


sputtering  of  Ni 
i-enhanced 

sputtered 
temperature 
gregation  can't 
obably  results  from 


ig  residual  gas. 
UHV  system  is 


believed  to  be  < 


e formation  of  hydroxyl  species 


(OH)  already  present  on  surface. 


exposure  of  oxygen  and  hydrogen  is  essential  to  the  continuous 
formation  of  (OH)  on  Hi  surface. 

4.  Chromium  is  preferentially  oxidized  on  NiCr  alloy  surface 
after  1 to  2 L of  oxygen  exposure.  Reaction  of  Ni  with  oxygen  occurs 
more  slowly  than  that  of  Cr/0„  reaction,  but  much  more  rapidly  than 

reaction  products,  Cr-O,.  In  contrast  to  Cr,  the  reaction  products 
for  pure  Ni  and  Ni  in  NiCr  alloy  are  different.  After  300  L oxygen 
exposure,  it  is  found  that  NiO  exists  on  the  pure  Ni  surface,  while 

5.  The  ESID  spectra  of  300  L oxidized  Ni  and  NiCr  ara  quit  a 

are  desorbed  from  oxidized  NiCr  alloy  surface.  The  magnitudes  of  the 
K ESID  signals  are  about  the  same  for  both  surfaces.  These  ESID 
results  suggest  that  the  existence  of  adsorbed  surface  hydroxyl 
species  on  pure  Ni,  and  other  types  of  bonding,  for  example,  H- 
subsurface  0 bond  on  NiCr  surface. 


6.  The  oxide  structure  of  NiCr  alloy  after  300  L oxygen 


exposure  in  UHV  has  been  studied  by  ARXPS  and  ISS.  The  outer  one 
monolayer  oxide  is  a mixture  of  Ni  hydroxide  and  Cr  oxide,  and  the 
inner  four  monolayers  is  consisted  of  Cr  oxide,  very  small  amount  of 
NiO  and  possibly  some  metallic  Ni.  In  addition,  a layer  having  extra 


compared  to  the  three  monolayer  NiO 
formation  of 


hydroxide  is  limited 


monolayer 


passivation  ability 


layer,  demonstrating  the  increase  of 
substrate  by  adding  Cr. 
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